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Radiation Effects in Silicon Carbide

by
A.A. Lebedev

The book reviews the most interesting, in the author's opinion, publications concerned
with radiation defects formed in 6H-, 4H-, and 3C-SiC under irradiation with electrons,
neutrons, and some kinds of ions. At the beginning, the SiC electrical parameters making
this material promising for application in modern electronics are discussed. Specific
features of the crystal structure of SiC are also considered. It is shown that, when wide-
bandgap semiconductors are studied, it is necessary to take into account the temperature
dependence of the carrier removal rate (n.), which is a standard parameter for
determining the radiation hardness of semiconductors. The m. values obtained by
irradiation of various SiC polytypes with n- and p-type of conductivity are analyzed in
relation to the type and energy of irradiating particles. The possible physical mechanisms
of compensation of the given material are considered. The influence exerted by the
energy of charged particles on how radiation defects are formed and conductivity is
compensated in semiconductors under irradiation is analyzed.

Further, the possibility to produce controlled transformation of silicon carbide polytype
is considered. The involvement of radiation defects in radiative and nonradiative
recombination processes in SiC is analyzed.

Data are also presented regarding the degradation of particular SiC electronic devices
under the influence of radiation and a conclusion is made regarding the radiation
resistance of SiC. Lastly, the radiation hardness of devices based on silicon and silicon
carbide are compared.
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Foreword

Modern civilization needs increasingly more consumable-energy sources in order to
sustain progress in society. Atomic energy and the solar-radiation conversion using
ground-based and orbital converters will probably be the main energy sources in the
future. Efforts to improve the reliability of both atomic power plants and space-
technology systems should be based on the use of radiation-resistant electronics.
Radiation resistance typically means that the semiconductor or semiconductor-device
parameters are not affected by exposure to nuclear radiation: the higher the radiation
dose corresponding to the onset of variation in parameters, the higher the radiation
resistance. Semiconductors with a high bonding energy, such as diamond, BN, and SiC,
are traditionally thought of as radiation-resistant materials. The advances in technology
achieved in the last 1015 years have made it possible to develop SiC based devices that
have fulfilled the expected high potential of SiC in respect to switching power and high
operation temperatures. It is now of current practical interest to check to what extent the
radiation resistance (radiation hardness) of SiC corresponds to theoretical predictions.

The first studies concerned with radiation defects in silicon carbide, was carried out in
the 1950s—1960s, confirmed the high radiation hardness of this material [1]. It should be
noted that the crystals studied in those years were heavily doped and had a high density
of structural defects. As increasingly perfect and pure SiC samples were obtained, their
experimentally measured radiation hardness gradually decreased. Reports even appeared
in which it was stated that SiC not only fails to surpass silicon in radiation hardness, but
1s even inferior to the latter in a number of parameters [2—5]. In this context, the aim of
this review is to summarize the available experimental data and assess the
correspondence between the parameters of SiC-based devices.

A.A. Lebedev
loffe Institute, Polytekhnicheskaya 26, St.Petersburg, 194021 Russia
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Radiation Effects in Silicon Carbide

CHAPTER 1

Physical properties of SiC

Abstract

In addition to possessing unique electrical properties, silicon carbide (SiC) can crystallize
in different modifications (polytypes). Having the same chemical nature, SiC polytypes
may significantly differ in their electrical parameters. In recent years, the world's interest
in fabrication and study of heteropolytype structures based on silicon carbide has
considerably increased. This chapter considers studies concerned with different SiC
polytypes and their electrical parameters. The latest results obtained in the development
of high-power devices based on wide-gap semiconductors are examined. It is shown that
at present silicon carbide remains the most promising material for high-temperature,
radiation-resistant, high-power electronics. Certain factors involving a wide commercial
adoption of SiC-based devices are examined.

Keywords

SiC Polytypism, Hexagonality, Power Devices, Wide Bandgap Semiconductors, Figures
of Merit
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1.1  Technology development and history for obtaining silicon carbide and
fabricating devices on its basis

The chemical compound of silicon with carbon was first discovered in 1824 by Berzelius.
In 1849, this compound was obtained by Despretz via reduction of silica with carbon.
Independently, SiC crystals were found by Henri Moissan in a study of meteorites in the

printed on 2/13/2023 2:53 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Materials Research Foundations Vol. 6

Diablo Canyon in the Arizona desert. In 1905, the mineral was named moissanite for its
discoverer. At present, this designation is used for jewelry made of silicon carbide. In the
end of the last century, Acheson suggested and patented a method for industrial
manufacture of SiC [6]. The crystals grown by this method were heavily doped (up to
10*! cm™), had no polytypic homogeneity, and were small in size (10x10x3 mm’) [7].

While studying samples of this kind, N.J. Round observed in 1907 an emission of light
due to the flow of electric current through the crystal [8]. The electroluminescence from
silicon carbide was studied in more detail by O.V. Losev in 1923-1940 [9]. He found that
one of these kinds of emission is associated with the presence of a particular "active
layer" on the surface of the crystal. Later, he demonstrated that this layer has a n-type
conductivity, whereas the bulk of the sample is p-type. Losev also revealed the
relationship between the rectification and the electroluminescence. Thus, two phenomena
most important for semiconductor electronics, electroluminescence and rectifying
properties of p-n structures, were first observed in SiC crystals. Unfortunately, the
electronic industry was based at that time on vacuum tubes and these discoveries
remained unnoticed for several years.

It is known that the industrial interest in semiconductors appeared after W. Shockley
discovered in 1949 the transistor effect in Ge crystals. Approximately at that same time J.
Lely suggested a new method for the growth of SiC crystals [10]. In this method, single
crystals were grown via sublimation as a result of SiC rectification via the vapor phase
from hotter to cooler regions. The rectification is performed in an inert medium (argon) at
temperatures of 2500-2650 °C. This technique could be used to grow crystals with areas
of up to 4 cm’® with uncompensated impurity concentrations of 10'°-10" cm™.
Disadvantages of this method are the high growth temperatures, the uncontrollable

nucleation and growth of the crystals.

In the first half of the 1950s, a search was commenced for semiconductor materials
capable of working at higher temperatures as compared to Ge. Therefore, numerous
researchers were focused on silicon and silicon carbide. In the following 10-15 years,
extensive studies were carried out concerned with the properties of SiC and aimed to
develop semiconductor devices on its basis.

However, the industrial interest in silicon carbide waned in the early 1970s. Apparently,
this was due to the advances in the Si and GaAs technology, incomparable with those for
SiC. The significant technological difficulties in growth of silicon carbide and fabrication
of devices on is basis resulted in that the parameters of the devices obtained were far
from the theoretical expectations. During the subsequent 15 years, studies of SiC
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properties were continued by several research teams, most of which worked in the former
Soviet Union.

In 1970, the sublimation "sandwich method" was suggested for growth of SiC epitaxial
layers [11]. The method consisted in that the growth process occurred on bringing
together the vapor source and the substrate. The epitaxy was performed in a vacuum,
which made it possible to lower the process temperature to 1810-1910 °C.

At the end of the 1970s, a method was also suggested for growth of bulk SiC crystals
[12], the modified Lely method. This technique is based on the vapor condensation on a
single-crystal substrate. The growth is performed at temperatures of about 2000 °C. The
diameter of the ingot being grown is determined by the substrate size (at present, up to
150 mm) [13].

Finally, the interest in silicon carbide as a promising material for semiconductor
electronics returned after S Nishino developed the method of chemical vapor deposition
(CVD) for epitaxy of 3C-SiC films on silicon substrates [14]. The use of the standard
technological equipment and large-area substrates opened-up prospects for fast
commercialization of the results obtained. Soon, several types of field-effect transistors
were developed on the basis of films of this kind [15]. However, the parameters of these
devices and the quality of the films remained poor. In addition, 3C-SiC is the narrowest
gap material among silicon carbide polytypes (Eg = 2.4 eV) and surpasses GaP only
slightly as regards to the maximum working temperatures. Therefore, 6H-SiC films were
soon obtained on 6H-SiC substrates by the same CVD method [16]. Using the
technological combination of a modified Lely method (substrate) and CVD epitaxy
(epitaxial layers on Si (0001) face) made it possible to produce from silicon carbide
nearly all types of semiconductor devices: blue light-emitting diodes (LEDs), UV
photodetectors, Schottky diodes, rectifier diodes, field-effect transistors, bipolar
transistors and thyristors [17-18].

1.2  Polytypism in silicon carbide

The existence of different crystalline modifications of SiC was discovered in 1912 [19].
Later, this phenomenon was named polytypism, i.e., polymorphism in one direction [20,
21]. Silicon carbide is a prominent representative of polytypic compounds. Strictly
speaking, the term ‘polytypism’ was specially introduced for carborundum, because
different crystalline forms of SiC are very close structurally. At present, more than 200
crystalline modifications of SiC are known [22]. All the known polytypes of silicon
carbide crystallize in accordance with the laws of close spherical packing to give binary
structures constituted by identical layers. These structures differ both in the order in
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which cubic C and hexagonal H layers are arranged and in the number of such layers in a
unit cell.

Figure 1.1 shows schematically the positions of atom centres for a close spherical
packing. If the centres of all the spheres lie in the first layer at points A, the positions of
centres at points B or C are possible in the second layer. If the centres of all the spheres
lie in the layers at points B, the positions of centres at points A or C are possible in the

- printed on 2/13/2023 2:53 AMvia .

next layer.

Table 1.1. Selected parameters of SiC [31-33]

Parameter 2H-SiC 4H-SiC 6H-SiC 3C-SiC
Stacking order AB ABCB ABCACB ABC
Jagodzinskii notation h hc hcc c
“Hexagonality” percentage, vy, % 100 50 33 0
Lattice constant, A a= 3,076 a=3,073 a=3,08 4,34
c= 5,048 c=10,053 |c=15,117
Band gap, eV
3,33 3,26 3,0 2,39
Thermal conductivity, (W/cm- deg)
3-4 3-4 3-4
Critical breakdown field strength,
E. (MV/cm)
2-3 2-3 >1,5
Electron mobility p,, cm?/(V-s)(300
K)
<850 <450 <1000
Saturation velocity Vs, 107 cm/s
Hole mobility p,, cm*/(V-s)(300 K) 2 2 2,7
<120 <100 <40
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Figure 1.1. Schematic positions of atom centres for a close spherical packing. There are
only three possible positions for atom centres—A, B and C.

If centres of all the spheres lie at points C in a layer, the positions of centres at points A
or B are possible in the next layer. In such a way, the positions occupied by atoms in the
second and subsequent layers determine the structure of a polytype. In other words, for
each polytype, the structure will simply correspond to the letters’ sequence AB, ABC,
ABCB, etc. (Table 1.1). Polytypes are also frequently characterized by Ramsdell
designations [35], constituted by a natural number equal to the number of layers in the
period in the direction perpendicular to the basal plane and a letter symbol characterizing
the crystal system of the Bravais lattice: C, cubic; H, hexagonal; R, rhombohedral. The
most frequently occurring are 6H, 4H, 15R and 3C polytypes (figures 1.2 and 1.3).
Although the positions of nearest-neighbour atoms are the same for any silicon or carbon
atom in all the polytypes, the positions of farther neighbours differ, which leads to the
existence of crystallographically nonequivalent positions in the SiC lattice. Only in two
SiC polytypes, the positions of all atoms are equivalent and correspond to either cubic
(3C-SiC) or hexagonal (2H-SiC) sites of the crystal lattice (4H, one cubic and one
hexagonal; 6H, two cubic and one hexagonal) [24]. In all other polytypes, atoms may
occupy sites of both types and polytypes differ in the number of atoms in hexagonal (NH)
and cubic (NC) positions (see, e.g. [25]). Therefore, it is convenient to characterize
silicon carbide polytypes by the parameter ‘hexagonality’ y [26], which is defined as the
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ratio between the number of atoms in hexagonal positions and the total number of atoms
in the unit cell:

y = NH/(NH + NK).

<l11>

|

(00 V\“

3C-SiC
' [0001] -si
[1100]) [1120]
L [0001] -¢

Figure 1.2. Schematic images of the hexagonal and cubic crystal lattices of SiC. Adapted
from [35].

The hexagonality of a polytype may vary from unity (2H-SiC) to zero (3C-SiC) (table 1).
It 1s noteworthy that the ability to crystallize in different crystal lattices is inherent not
only in SiC, but also in quite a number of other compounds: GaN, ZnSe, ZnO, diamond,
etc.

It is known that silicon carbide is a semiconductor with a nondirect band structure. The
band gap width strongly depends on the polytype and varies from 2.39 eV for 3C-SiC to
3.3 €V for 2H-SiC (figure 1.4). Thus, the difference in the band gap widths (Egp ;) of
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cubic (3C) and purely hexagonal (2H) polytypes of SiC is ~ 0.9 eV. It should be noted
that, for other semiconductors having polytypes (GaN, ZnS, ZnSe, etc.), Egp 1< 0.2 eV
[27]. In addition, these compounds, as a rule, crystallize only in the 3C and 2H forms,
with no intermediate polytypes existing. By contrast, the extreme polytypes could not be
obtained for SiC, whereas a multitude of intermediate forms exist for this compound. 3C-
SiC films of a rather large area have been obtained [28], whereas 2H crystals presently
exist only in the form of needles [29]. The absence of crystals with sizes suitable for
device applications result in that most of the electrical parameters of 2H-SiC have not
been determined. According to the results of experimental and theoretical studies, the
valence-band maximum is at the centre of the Brillouin zone and the conduction-band
minimum lies at its boundary. To this fact is attributed the strong dependence of the band
gap width on the structure of a polytype. According to [30], the spin—orbit splitting of the
valence band is 10 meV. The main parameters of 6H, 4H and 3C SiC polytypes are listed
in table 1.1.

o a“: o
6%, ‘5 .
é® ¢ "

O R 5
5 Gc ré 8 .'?-

f‘g o T “5 ‘&
o %

6‘ &®

1

& & ¢ 5 é
QBCAEC Léﬂcél;nc'ﬂL L‘acnﬂcn
3C-SiC 4H-SiC 6H-SiC

Figure 1.3. Positions of Si and C atoms (open and full circles, respectively) in the (1120)
plane for different SiC polytypes. Adapted from [31].
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Figure 1.4. Exciton energy gap of different SiC polytypes at 300 K as a function of the
hexagonality [36].

At present, there is no theory that would be satisfactory in every respect in explaining
why SiC and some other materials crystallize in a wide variety of polytypes. It is not
completely clear, either, what factors favour formation of one or another polytype [34
and references in it].

1.3  SiC parameters important for electronics

In modern semiconductor physics, there are now two very rapidly developing directions
of research:

1. changing the properties of a material by modifying the geometric dimensions of
the structures, i.e., the physics of nanostructures, and

2. the development and study of the new semiconductor materials.

Important work in the second direction involves the study of wide-bandgap
semiconductors. The potentialities of wide-bandgap materials for creating semiconductor
devices have been well analyzed [37-39]. A band gap larger than that in Si and GaAs
gives these materials the following advantages:

printed on 2/13/2023 2:53 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Radiation Effects in Silicon Carbide

e a high operating temperature;

e ability to construct visible-range light-emitting devices based on these materials;
e high critical breakdown fields (£.,);

e high radiation resistance.

Table 1.2 lists the main parameters of some semiconductor materials. The Debye
temperature (Tp) is presented among other properties of semiconductor materials. It is
known that this parameter is defined in terms of the maximum energy of a phonon (£))
existing in a given material

TD = Ef/k

where k is the Boltzmann constant.

As the Debye temperature is exceeded, lattice vibrations become inelastic and this leads
to disintegration of the material. For various semiconductors, this disintegration may
occur via growth of dislocations, decomposition of binary compounds, etc. Thus, the
value of Tp can be regarded as the upper temperature limit for operation of devices based
on a given material. It is noteworthy that the Tp of GaN is lower than that of SiC. There
also exists a whole class of wide-bandgap materials (II - VI) for which Tp is even lower
than that of GaN. This circumstance accounts for the fact that it has been impossible so
far to fabricate any high-power high-temperature devices based on II - VI compounds,
despite their wider energy gap.

Table 1.2 also indicates whether a given semiconductor is a direct- or indirect-gap
semiconductor and whether a large-diameter substrate consisting of the same material is
present (+) or absent (-). The first factor largely determines the applicability of a given
material for optoelectronic devices. The second factor determines the application
possibilities of the scientific results in a commercial production.

It 1s known that special quality criteria, figures of merit (f,,) calculated using the basic
physicochemical properties of a semiconductor, have been proposed for comprehensively
accounting for the potentialities of a semiconductor material.

Johnson [37] proposed to use the product of £, and the saturation velocity Vy,, as a figure
of merit JM, which determines the operating limit of a conventional transistor: JM =
(Echsat/n)z. Later, the following criterion was defined: KM= X(Vsat/e)l/z; (e is the
dielectric constant of the semiconductor, and A, thermal conductivity), where the
switching rate of a transistor operating as a logic element of a computer was taken into
account [40]. Baliga [41] proposed yet another figure of merit BM for assessing a
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semiconductor material. It is related to the operating loss of high-power field-effect
transistors: BM = p € E.°~(u is the carrier mobility).

Table 1.2. Parameters of some semiconductor materials.

Si GaAs |4H-SiC |GaN Diamond
Eg, eV 1,12 1,43 3,26 3,39 5,45
Direct band structure + +
Breakdown field, MV/cm 0,3 0,6 3 >3 10
Thermal conductivity, Wt/cm*K |1,5 0,46 4,9 1,3 11
Electron mobility, cm®V*s 1500 8500 |800 1250 2200
Presence of a native substrate + + + - -
Debay temperature 650 350 1200 600 1850
Saturation velocity, x 107 cm/s 1 1 2 2,5 2,7
Dielectric constant, € 11,7 12,9 10 10 5,7

However, this criterion was primarily associated with the ohmic loss and used to assess
the performance capabilities of a semiconductor from the standpoint of low-frequency
devices. For high-frequency devices, the switching loss should also be examined. The
criterion BH = chrz, based on the assumption that the switching loss is due to the
recharging of the input capacitance of a device, was proposed in [42]. Other important
properties to be analyzed when selecting materials for high-power devices are the thermal
properties of a semiconductor. A figure of merit that takes into account these properties
was proposed in [43]: QF = AuE,,’.

The computed relative values of five figure-of-merit parameters for 4H-SiC, Si, GaAs,
GaN, and diamond are listed in Table 1.3. In the calculation, the values of the parameters
for Si were taken as the measurement unit.
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Table 1.3 Normalized figures of merit for certain semiconductors

IM = (EVa/n)* | KM= A(Vgale)”? | BH= pE,’ | BM=pcE, |QF=
AEe
Si 1 1 1 1 1
GaAs 4 0,3 23 50 15
4H-SiC | 400 5 53 456 1489
GaN 624 1,5 83 712 617
Diamond | 8100 17 1630 26455 194000
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It can be seen in Table 1.3 that silicon carbide surpasses, nearly in all the criteria
considered above, the classical semiconductor materials, Si and GaAs. It is of interest to
compare SiC with other wide-bandgap materials.

SiC is inferior to GaN in a number of parameters. For example, the low probability of
radiative recombination (as in an indirect-gap semiconductor). However, native
substrates are still unavailable for GaN, whereas for AIN, native substrates are very small
in size and exceedingly expensive. GaN is grown by heteroepitaxy on substrates of other
materials (SiC, sapphire). This leads to a very high dislocation density in the films being
grown (>10” cm™). The dislocations in GaN are oriented perpendicularly to the surface of
a growing layer and aggregate into clusters. As a result, the growing layer has a cellular
(grainy) structure, which increases the leakage current of the pn structures and causes
their degradation in the course of time.

On the whole, SiC is the more promising material for device fabrication, compared with
GaN and other nitrides (III-N). The unattainable (because of the higher probability of
radiative recombination) longer carrier lifetime in GaN restricts the applicability of this
material in the development of bipolar devices. In unipolar devices, its low heat
conductivity and the lower Debye temperature reduce the maximum dissipated power.
Bulk GaN has no significant advantages over silicon carbide, either, (in other electrical
parameters (saturation velocity of carriers, breakdown field, carrier mobility). However,
it is possible that, owing to their substantially lower production cost, GaN Schottky
diodes will be competitive with SiC Schottky diodes at voltages of up to 1000 V [44].

However, the development of heterojunctions in the GaN - AlGaN system made it
possible to obtain structures with a 2D electron gas having a substantially higher carrier
mobility. These structures can be used to develop high-frequency (high-electron-mobility
transistors, HEMTs) whose parameters exceed those of SiC-based field-effect transistors.
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Diamond is beyond competition both in its parameters and in the maximum working
temperatures. However, single-crystal diamond layers still cannot be produced by
heteroepitaxy and native substrates have a small area and are rather expensive. Moreover,

there are certain difficulties in obtaining pn structures for diamond.

Thus, the final conclusion can be formulated as follows: regarding the fabrication of
power devices, SiC is presently the most promising material among those best developed

and the best developed among those most promising.

The parameters of some commercially available devices based on silicon carbide are
presented in Table 1.4

Table 1.4 SiC device parameters

Drain-
Devices Continuous | Reverse Operating Switching S 531;; e DC
type forward Voltage Temperature frequency, | On-State current
current, A | (Blocking | o~ " | kHz Resistance | Gain
voltage), , ME2
v
Schotky 15 1200 -55....+175
diodes [45]
JFET [46] 1200 48
MOSFT 42 1200 80
[47]
BIT [48] 10-50 1200 52-45
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CHAPTER 2

Compensation of silicon carbide under irradiation

Abstract

It is shown that for the investigations of wide-gap semiconductors (WGS) account should
be taken of how the rate of removal of mobile charge carriers—the standard parameter in
determining the radiation hardness of a material—depends on the temperature. The use of
data obtained only at room temperature may lead to an incorrect assessment of the
radiation hardness of WGS. A conclusion is made that the WGS properties combine, on
the one hand, high radiation hardness of high-temperature devices based on these
semiconductors and, on the other, the possibility of effective radiation-induced doping
(e.g., for obtaining semi-insulating local regions in a material at room temperature). The
model of conductivity compensation in SiC under irradiation is presented. Processes of
radiation defect formation and conductivity compensation in silicon and silicon carbide
irradiated with 0.9 MeV electrons are considered in comparison with the electron
irradiation at higher energies.

Keywords

Charge Carriers Removal Rate, Threshold Energy, Radiation Hardness, Radiation
Doping, Conductivity Compensation, Primary and Secondary Radiation Defects, Recoil
Atoms.
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2.1 Threshold energy of defect formation.

As already noted, the radiation resistance is, as a rule, better in semiconductors with a
higher bonding energy. In order to characterize this relationship, a parameter is
introduced, the threshold defect formation energy Ed. This parameter represents the
minimal energy to be transferred by a particle to the semiconductor matrix to form a
Frenkel pair, i.e., a vacancy and an interstitial atom [1, 2]. A theoretical calculation of the
value of Ed involves a solution of a many-body problem and encounters a number of
difficulties associated with the choice of the type and constants of the interaction
potentials and other parameters [2]. To experimentally determine Ed, the variation of
only a single chosen parameter under the effect of irradiation is usually monitored,
although radiation affects all properties of a semiconductor simultaneously. As a result,
the values of Ed exhibit a wide scatter and depend on the experimental procedure used in
a study. In [3], a relationship between the value of Ed and the lattice constant a, of a
given semiconductor was observed, which satisfies the following phenomenological
relation:

1,117Ed = (10/ay)*** 2.1

Table 2.1 lists values of Ed calculated by the above formula (2.1) for a number of
semiconductors and the experimental data obtained when determining Ed. It can be seen
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in the table that there is a significant scatter of the Ed values experimentally found for
silicon carbide. Possibly, this is due to the poor structural quality of SiC crystals,
especially in studies carried out before the mid-1990s. The value of Ed was found to be
larger for cubic silicon carbide (3C-SiC) and smaller for hexagonal silicon carbide,
compared with the values calculated by formula (2.1). Because the structural quality of
3C-SiC crystals is still substantially poorer than that of 6H- and 4H-SiC, it can be
assumed that Ed does not exceed 30-35 eV for all SiC polytypes. This value of Ed is 1.5-
2 times larger than that for Si and GaAs and is 2-2.5 times smaller than that for a
diamond. However, additional experiments are necessary in any case for determining the
exact value of Ed for present-day high-quality epitaxial SiC films. It is also important to
determine the temperature dependence of Ed for SiC as a material that is promising for
application in high-temperature electronics.

The values of threshold energies make it possible to calculate the number of primarily
created radiation defects. The data obtained in [8] for materials that are of interest for
high-energy physics (detection of relativistic particles and cosmic-ray fields) are listed in
Table 2.1. and 2.2. It can be seen that SiC is only slightly inferior to diamonds in this
parameter, but noticeably surpasses silicon and, even more so, gallium arsenide.

Table 2.1. Calculated and experimental values of the threshold defect-formation energy
for some semiconductors[5].

GaAs Si 3C-SiC Diamond | 6H and 4H SiC
Lattice constant ag 5,65 5,431 4,36 3,57 3,08
Calculated value of | 9 12,8 37 80 153
Ed (formula 2.1), eV
Experimental value | 8-20 13-20 106 [6] 60-80 97 [4]
of Ed, eV. [2] [2] 54-90[7] [2] 20-35[5]

Table 2.2. Number of appearing primary radiation defects for a number of
semiconductors, normalized to the corresponding value for silicon carbide [9].

Semiconductors Protons Pions Cosmic rays
Diamond 1,2 0,7 0,5

Silicon 24 4,1 33

Gallium Arsenide 12 43,8 27,5

printed on 2/13/2023 2:53 AMvia .

Al'l use subject to https://ww. ebsco.conitermns-of-use




EBSCChost -

Materials Research Foundations Vol. 6

2.2  Temperature dependence of the carrier removal rate

Radiation hardness is commonly understood as the stability of parameters of a
semiconductor or a semiconductor device under nuclear irradiation. The higher the
irradiation dose that is necessary for the parameters to start changing, the better the
radiation hardness of a semiconductor.

It is known that irradiation of semiconductors results in deep centers - radiation defects
(RDs) of acceptor or donor nature - being formed. Henceforth, we consider the irradiation
of an n-type material for the sake of definiteness. In this case, electrons transit under
irradiation from the conduction band to deep RDs of acceptor nature. As a result, the
conductivity of the material decreases, and the semiconductor may become an insulator at
large irradiation doses. This process is commonly described for various materials by
using the carrier removal rate 1, (cm™) as parameter [1].

Ne=An/D=(ny—n)/D (2.2)

Here, ny and n are, respectively, the carrier densities in the conduction band before and
after the irradiation, and D is the irradiation dose.

Let us assume that the Fermi level lies in the energy gap several kT below the main donor
levels, and the total concentration of the RDs introduced is substantially lower than Nd -
Na. That is, it can be assumed that irradiation does not change significantly the Fermi
level position at low irradiation doses (and just at these doses the carrier removal rate is
commonly determined). Let us now consider the contribution to 1. from the RDs formed,
depending on their type (donor or acceptor) and position in the energy gap. All the RDs
being formed can be conditionally divided, depending on their energy position, into three
groups.

(1) RDs lying higher than the main donor levels. If these RDs are donors, they will
contribute to an increase in the carrier concentration in the band by Np,. If these RDs are
acceptors, their formation will have no effect on the carrier concentration in the
conduction band. With increasing measurement temperature, the contributions from both
types of RDs to the value measured for 1, will remain unchanged.

(2) RDs lying in the upper half of the energy gap below the main donor levels and the
Fermi level. If these RDs are acceptors, their introduction will reduce the electron
concentration in the conduction band by Ny,. If these RDs are donors, they will make no
contribution to the free electron concentration. With increasing temperature (or with the
Fermi level going down as a result of irradiation), these RDs will find themselves within
several kT from the Fermi level. The degree of electron ionization from these RDs will
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grow and, accordingly, the contribution from acceptor levels to the value of n. will
decrease and those from the donor levels will increase.

(3) RDs lying in the lower half of the energy gap. If these RDs are acceptors, they will
contribute to a decrease in the carrier concentration in the band by N,;. If these RDs are
donors, their formation will have no effect on the carrier concentration in the band. With
increasing measurement temperature, the contributions from both types of RDs to the
value measured for 1, will remain invariable.

Table 2.3 presents the contribution and its temperature dependence for each type of the
RDs mentioned above. Henceforth the Fermi level position is reckoned from the valence
band top. Accordingly, the following formula can be written for n, with consideration for
the temperature dependence of the RD occupancy:

n = ny + D{Kp; — Kas/(1+ X" p2exp[(Ep-Epo/kT]) —Kas(1 + Asexp[(Epz —Ep)kT]}  (2.3)

Here, K; is the total rate of introduction of i™ type of defects, N; = KD, A7 is the
degeneracy factor of the levels related to the RDs, k is the Boltzmann constant, and T is
absolute temperature.

Formula (2.2) can be written in simplified form as
n=ny— (An; + An (Ty)) (2.4)

where An; is the temperature-independent change in the carrier concentration, and
An(Ty) is the change in the carrier concentration, which depends on the measurement
temperature Ty,.

Accordingly, we can write for the carrier removal rate

Ne = Net + Me (Tm) (2.5)

An important conclusion follows from the formulas (2.2) - (2.5): if two temperatures, Ty
< Twmp, then Me(Typ) > Me(Tap), 1.€., the value of 1. can only decrease with increasing
measurement temperature. Therefore, n. = 0 at the limiting working temperatures (E¢ =
1/2Eg) if only acceptor RDs were formed under irradiation, and n.(Ty) < 0 if donor RDs
were also generated. If the total concentration of donors formed upon irradiation exceeds
that of the resulting acceptors, the overall value of n. may be negative at high T: n. +
Ne(Ty) < 0. If this is the case, it would be more appropriate to speak about the rate of
carrier introduction into the semiconductor under irradiation.
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Table 2.3. Contribution to the carrier concentration from an RD, depending on its type
and energy position in the forbidden gap [10]

Groups | Position of an RD at Type | Contribution to | Change in An at Ty>
of levels | Ty=Tirradiation of the carrier Tirradiation (An=f(T)) (with
RD | concentrationsi | the degeneration factor
(An) at Ty— disregarded)
Tirradiation
1 Ef —Erp <0 A 0 none
Ef —Egrp <0 D + N none
2 Ef—Egp >0; Exp>1/2Eg | A - N Nao/[(1+A-exp((Ear-Ef)/KT)]
Ef —Egrp >0; Erp> 1/2Eg | D 0 +Npo/[(1+A " -exp((Es-
Ep2)/kT)]
3 Erp< 1/2 Eg A -NY none
Erp< 1/2 Eg D 0 none

These difficulties necessitate a search for other ways to compare radiation effects. For
example, there is no need to heat a sample to the limiting working temperatures and
measure the carrier concentration n, in order to determine 1. in the whole range of
irradiation doses. As a measure of ny can serve the net concentration |N+D - N'5| in the
space charge region. In this case, it is sufficient to measure capacitance-voltage (C - V)
characteristics and this can be done at lower temperatures. Whether or not a particular
level contributes to the value of [Nd - Na| measured at a given T depends on the
relationship between the time constant of its ionization (1) and the time t during which C-
-V characteristic is measured, t/t > 1, 1.e, th = t (n < 1). Each semiconductor is
characterized by its own temperature Tcy at which the limiting value of n. can be
evaluated by the capacitance method. It is known that

! = VionNe exp(-Ei/kT) (2.6)

where V7 is the thermal velocity of carriers, oy is the cross-section of electron capture by
a level, N, is the density of states in the conduction band, E; is the ionization energy of a
center, and k 1s the Boltzmann constant.

Hence we obtain

Tev = Bi/(k In(VioxnNent) 2.7)
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Assuming that E; = (1/2)Eg, oy = 10"° cm™, t = 600 s, and nj = 0.2, we can estimate Tcy
for Si and 4H-SiC to be, respectively, ~230 and ~ 630 K. This estimate shows that the C -
V method can be used at room temperature to obtain the limiting value of . for silicon.
This temperature is insufficient for determining m. for wide-bandgap semiconductors

(WBSSs).
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Fig 2.1 (4) 6H-SiC, Nd -- Na at T = 300K (1) and T = 650 K (2), difference of these (3),
and the concentration of the center at Ec - (1.1-1.22 eV (4) vs. the irradiation dose. (B)
4H-SiC, Nd - Na at T = 300K (1) and T = 650 K (2), difference of these (3), and total
concentration of the centers (RD;, + RD; + RD,) (4) vs. the irradiation dose [11].
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An experimental study of the temperature dependence of 1. in 4H and 6H SiC samples
irradiated with 8 MeV protons was reported in [11]. C-V characteristics were measured
on a standard C-V installation with a parallel equivalent circuit at a sinusoidal frequency
of 10 kHz. A study of irradiated samples demonstrated a decline in the Nd - Na value
measured at room temperature, with Nd - Na strongly increasing after the structure was
heated to 650 K. For 6H-SiC the value of Nd - Na measured at 650 K was even higher
than that in the initial structures prior to irradiation. With increasing irradiation dose, this
difference became more pronounced (Figs. 2.1* and 2.1%).

2.3  Dependence of 1. on the measurement procedure

It should also be noted that the experimental value of . may depend on the measurement
technique. For example, presence of deep centers (DCs) in the semiconductor before
irradiation will lead to an additional rise in n with increasing temperature, i.e., ny = f(T).
The situation when ny = y(Nd - Na), where y < 1 and y approaches unity with increasing
T, is typical of WGSs in general and SiC in particular. To eliminate the influence of the
temperature dependence of ny, on the results of n. measurements, it is necessary to
measure this dependence in a sample under study before its irradiation.

In [12], two electrical parameters were monitored, important for operation of devices
using the charge- and current-related characteristics of a p-n junction: concentrations of
uncompensated acceptors and free carriers (holes). As samples served p-SiC epitaxial
layers were fabricated by sublimation epitaxy [13] on commercial CREE substrates. The
thickness of the p-layer was about 300 um, and that of the substrate, about 400 um. The
concentration of uncompensated donors in the substrate, (Nd - Na), was (3-5) x 10'® cm”,
and that of acceptors in the p-layer, ~ (1-2) x 10'® cm™.

The irradiation with 8 MeV protons was performed at irradiation doses in the range from
1.0 x 10" to 1.1 x 10" cm™ on an MGTs-20 cyclotron. The uncompensated donor
concentrations Nd - Na in the as-grown and irradiated samples were found from C-V
measurements. The C-V characteristics were measured with a mercury at room
temperature. The concentrations of free carriers and their mobilities were determined at
the same irradiation doses by measuring the Hall effect and the electrical conductivity by
the Van der Pauw method.

The experimentally obtained dependences of Na - Nd and free carrier concentration on
the irradiation dose are shown in Fig. 2.2.
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Fig. 2.2. Uncompensated acceptor concentration (1) and free carrier concentration (2)
vs. the irradiation dose at room temperature [12].

The dependences in Fig. 2.2 can be used to estimate the carrier removal rate by using the
known formula (2.2).

With expression (2.2) used, it is found that 1. = 130 cm™ from the C - V data and n. = 1.8
cm” on the basis of Hall data. This difference is due to the fact that these procedures
measure different concentrations. In the case of capacitance-voltage characteristics, the
concentration of uncompensated acceptors (atomic cores) present in the given layer is
measured. From the Hall effect, we find the free carrier concentration at a given
temperature. If the depth of acceptor (donor) levels is hundredths of eV (as, e.g., is the
case for silicon), then Na - Nd will be equal to the free hole concentration at room
temperature.

In WGSs of the SiC type, the ionization energies of the main impurity levels are
substantially higher and these levels are not fully ionized even at room temperature, i.e., p
< Na - Nd. A dependence of the ionization energy of the aluminum-related acceptor level
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on the concentration of aluminum is characteristic of SiC. This energy is 0.1 eV at Na -
Nd = 10" cm™ and increases to 0.24 - 0.27 eV at Nd - Na < 10" ¢m™. Presumably, this
is due to the formation of two different kinds of acceptor levels in SIC<AI> [15].

In this case, it is easy to estimate the would-be relationship between p and Na - Nd in our
case. According to [16], in the case when Ea/kT >> 1 and the degree of compensation is
small, the expression for the free carrier concentration has the form

P = ((Na-Nd)/2Nd )x Nv x exp(-Ea/kT) (2.8)

Here, Ea = 0.24 eV is the ionization energy of the acceptor level, Nv = 2.5 10" cm™ is
the density of states in the valence band, k is the Boltzmann constant, and T is absolute
temperature.

In [12], the degree of compensation of our samples was considered to be small, ~10%.
This was confirmed by the hole mobility of about 50 - 60 V/(cm® s) in the as-grown
samples, which nearly coincides with the maximum hole mobility in 6H-SiC at this
doping level [17].

Using expression (2.8) we obtain Na - Nd = 1.5 10" cm™ and p = 1.2 10" em™, which
well coincides with the experiment. That is, p ~ 10> (Na - Nd) for this conditions, or,
with consideration for (2.1)

n, = {107 (Na-Nd), - 10 (Na-Nd),}/ D = 10" 1, (Na-Nd) (2.9)

This means that the carrier removal rate found from C - V characteristics and Hall effect
measurements will differ under the given conditions by two orders of magnitude.

2.4  Experimental data obtained in determining the value of 1,

The published data we are aware of, obtained in studies of the carrier removal rate in n-
and p-type 4H and 6H SiC, are listed in Table 2.4. It can be seen that, in the case of
electron irradiation of the n-type material, 1 is smaller for the sublimation-grown SiC,
compared with the CVD SiC, and larger in the case of irradiation of a p-type material. At
the same time, the carrier removal rates are approximately the same in materials with
both conductivity types under irradiation with protons. Possibly, the difference in the
rates is due to the secondary, rather than primary defect formation.

In our opinion, this difference may be due to the dissimilar spectra of DCs in SiC grown
by different techniques. One of important distinctions of the CVD material from that
grown by sublimation is in the small diffusion length of minority carriers in n-SiC.
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It can be seen in Table 2.4 that this difference is by more than an order of magnitude. At
the same time, there is no such difference in the p-type material, the diffusion length in p-
type sublimation layers being occasionally even larger than that in CVD-grown layers. A
possible reason for this difference is that the sublimation layers are grown at higher
temperatures, when the growing layer is uncontrollably doped with aluminum and boron
from the graphite crucible. These impurities form in SiC acceptor centers and compensate
the n-type material. In addition, these centers are negatively charged in the n-type
material and diminish the mobility and diffusion length of holes. At the same time, they
are neutral in the p-type material and presumably have no effect on the mobility and
diffusion length of electrons.

It is known that the electron irradiation of semiconductors results in that Frenkel pairs
(vacancy-interstitial atom) are formed in these materials. It can be assumed that the
presence of charged compensating acceptors in n-SiC grown by the SE method reduces
the diffusion length of the components of a Frenkel pair and affects in the same way the
diffusion length of carriers. This increases the recombination probability of the pair
components, reduces the concentration of the radiation defects being formed, and
improves the radiation hardness of the sublimation-grown n-SiC as compared with the
material grown by the CVD method.

In irradiation of silicon carbide with protons having energies of 1 to 20 MeV, average
energy of recoil atoms of silicon and carbon, (T,,) is 200 to 300 eV. Compared with the
case of electron irradiation, there are two important distinctions. First, the higher T,, may
lead to a substantial increase in the distances between the FP components being formed.
Second, recoil atoms with above energies can cause collision cascades in which
"secondary" FPs are formed, with the number of secondary FPs possibly being, according
to TRIM, several times the number of primary FPs [19]. A cascade gives rise to
microscopic regions 20 - 30 A in size, in which up to ten displacements are generated.
Strictly speaking, these microscopic regions are not yet disordered regions. However, the
high concentration of vacancies in these regions favors formation of divacancies and
complexes of these with impurity atoms.

If the hypothesis put forward in [12] is true, we can also prognosticate the behavior of the
sublimation-grown SiC for other kinds of irradiation, with neutrons and y-photons.

In the case of irradiation with 1 MeV neutrons, T,, is ~ 40 keV [18]. Recoil atoms with
such energies generate along their range of ~500 A [20] about a hundred displacements
[16]. As a result, a set of point defects within a small local volume forms a single
extended defect with specific properties, a disordered region (DR) [1]. Apparently, the
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presence of drains is unimportant for DRs and the behavior of sublimation- and CVD-
grown SiC layers under neutron irradiation will be about the same.

Table 2.4. Carrier removal rates (1.) and diffusion lengths of minority carriers in silicon
carbide at room temperature in relation to the type of a material (polytype, conductivity
type and fabrication technology) and to the kind of irradiation.

Kind of irradiation Type of material

6H-SiC 4H-SiC

N P N P

CVD SE CV | SE CVD SE CVD | SE

D
Electron energy 0.5 0,8
MeV [25]
Electron energy 1 0,015 0,26 | 1,3 0,1[23] | 0,015 ]| 1,6 1,7
MeV [22] [23] | [24] [22] | [24] [24]
Electron energy 6 1,0 [26] 2,15
MeV [26]
8 MeV protons 17[11] | 17 110-130 | 130
[11] [11] [11]
450 keV protons 2x10°
[27]
1.7 MeV a-particles 4x10°
[28-29]

5.5 MeV a-particles 7.8 10°

[30]
Diffusion length of ~ 10 ~1 ~1 | ~1,5]~12 <0,5 |~1,5 1-2
minority carriers in
layers with
concentration of ~
10" em™, um [17,32]
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In the case of y irradiation, e.g., in %C cobalt installations with average photon energy of
1.25 MeV, the main influence on the semiconductor is exerted by secondary Compton
electrons with energy of ~ 0.7 MeV. It can be assumed that, under an irradiation of this
kind, sublimation-grown layers will be more stable than those produced by CVD.

Thus, the appearance of microscopic regions with high concentration of vacancies in a
single-crystal silicon carbide, in which reactions yielding divacancies and complexes of
these with impurity atoms occur at a high rate, is the fundamental distinctive feature of
the proton irradiation. The situation observed in the case of proton irradiation seems to be
"intermediate" between the case of DRs under neutron irradiation and that of single point
defects under electron irradiation. Specific features of sublimation-grown SiC layers will
be strongly manifested under y-photon and electron irradiation and hardly noticeable in
the cases of proton and neutron irradiations.

It is noteworthy that, according to most reports, 1. (Si) > n. (SiC) at T = 300 K. The
values obtained in [28, 29], for which the reverse is true, with 1(SiC)/ n.(S1) = 10, stand
out from this body of data. In these studies, the irradiation was performed with 1.7 MeV
a-particles at a dose of 2 10° cm™. The particle ranges were 3.8 um in SiC and 5.9 pm in
Si. It should be noted that the authors of these studies only monitored the effects
occurring at the end of the particle range and, consequently, the effect may be due to
helium formed at this depth, rather than to radiation defects.

Among the SiC polytypes, 6H and 4H SiC are the most promising for commercial
application. Therefore studies concerned with the radiation hardness of other polytypes
are not numerous. Some of the experimental data known to us are listed in Table 2.5. It
can be seen from a comparison of Tables 2.4 and 2.5 that there is no significant
dependence of 1. on the SiC polytype.

Table 2.5. Carrier removal rates (n.) in other silicon carbide polytypes at room
temperature

Kind of irradiation Type of material

n-3C-SiC p-15R-SiC
8 MeV protons 110 [33]
1 MeV neutrons 7,2 [31] 1,0 [24]

In [33], the process of conductivity compensation in silicon and silicon carbide under
irradiation with MeV electrons and protons was analyzed and the part played by recoil
atoms in the formation of RDs was determined. For the CVD-grown n-4H-SiC silicon
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carbide, the formation of RDs leads to the conductivity compensation of the material. It
was shown in [34] that the experimental values of the carrier removal rate (0.25 cm™ at
electron energy of 0.9 MeV) is nearly an order of magnitude smaller than that (2 cm™) for
electrons with higher energy (6 - 8 MeV) [26, 35]. A similar relationship is also observed
for silicon. The strong energy dependence of m. cannot be due to the generation of
primary RDs because the formation cross-section of primary RDs is nearly energy-
independent within this range.

2.5 Compensation mechanism in SiC

The process of radiation defect formation in semiconductors includes two stages:
generation of primary point defects of the vacancy - interstitial atom type (Frenkel pair,
FP) and formation of secondary defects. The radiation defects (RDs) are generated via
two processes. First, crystal-lattice atoms are displaced due to the direct interaction with
an impinging particle, i.e., the so-called primary knocked-on atoms (PKAs) are formed.
The second stage is named "formation of secondary RDs." In this stage, primary RDs
interact with each other and with defects and impurities present in the semiconductor to
give secondary RDs that are stable under the given conditions, and just these defects
determine the change in the properties of the materials and devices.

The behavior of the Frenkel pair components formed via irradiation of the semiconductor
depends on numerous factors, of which the following are the most important:

- impurity composition and doping level of a particular semiconductor;
- energy of a primary knocked-on recoil atom.

The many years' experience of experimental studies of the behavior of radiation defects
upon their generation recommends creating conditions in which there is the main
formation mechanism of RDs reliably recorded in experiments. These conditions are the
following.

- Use of an irradiation type under which only genetically related intimate Frenkel pairs
are generated. This is irradiation (frequently named "model irradiation") with electrons
having the energy of the order of 1 MeV. In this case, PKAs have the energy of ~50 eV
which is insufficient for the displacement cascades to be formed.

- Use of moderately doped materials (with a dopant concentration of ~10'"> cm™).

So far, the compensation process has been simulated and the dose dependences of the
conductivity compensation under irradiation with MeV electrons have been studied in
detail only for a single elementary semiconductor, silicon [6]. The goal of our present
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study was to solve the above problems for the case of irradiation of a binary
semiconductor, silicon carbide, with MeV electrons.

2.5.1 Model

Let us evaluate the kinetics of defect formation in the interaction of a single component
of a Frenkel pair (in one of the silicon carbide sublattices) with impurity atoms of a single
type. The concentrations of primary defects (e.g., vacancies in the silicon sublattice) (V)
and the concentrations of free impurity atoms (N) vary with the irradiation duration (t) as
follows:

dV/dt = eeG - V/T — BVN (2.10)
dN/dt=- BVN @2.11)

Here, V is the vacancy concentration; G, electron flux; ngp, probability of Frenkel pair
formation by a single electron, equal to the product of the defect-formation cross-section
o by the concentration N, of regular silicon atoms

Nep = OGNy (2.12)

T, vacancy lifetime determined by drains; and B, constant of vacancy interaction with an
impurity atom. The first term in equation (2.10) describes the FP generation, the second
term represents their recombination on insaturable drains, and the third term is
responsible for their interaction with the dopant. Equation (2.11) contains a term
describing the decrease in the concentration of free impurity atoms via their interaction
with the FP components. It should be noted that a part (occasionally significant) of
genetically related Frenkel pairs recombine immediately after being generated. Therefore,
the fraction of vacancies (fgp) capable of being involved in the formation of stable defects
and, in particular, those with impurity atoms should be taken into account in expression
(2.12). Commonly, this is limited to introducing as a parameter the effective formation
cross-section of separated (dissociated) Frenkel pairs [36]:

Oeff = O fFP (213)

In what follows, just this cross-section will be used in expression (2.12) when calculating
the generation rate of separated Frenkel pairs (or the effective FP generation rate). The
concentration N, of complexes of secondary defects (vacancy - impurity atom) is
calculated by the formula

N.=No-N (2.14)
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This concentration is zero at the initial instant of time. Here, N, i1s the initial
concentration of free impurity atoms. The carrier (electron) concentration n may vary
with the irradiation dose in the case of deep trap formation due to the following two
factors. The first of these is the capture of electrons by traps created by intrinsic FPs (e.g.,
by a vacancy). The second consists in that complexes (dopant atom--intrinsic point
defect) are formed. If a complex being formed is neutral, then the equation for n takes the
form:

n=Ny-V-N,=N-V (2.15)

If the complexes are deep acceptors capturing electrons from the conduction band, we
have, with consideration for (2.14), the following:

n=N-V-N,=2N-Np-V. (2.16)

Formula (2.10) shows that, for an intrinsic defect (vacancy) to be predominant in the
conductivity compensation mechanism, it is necessary to neglect the last two terms in
expression (2.10). This can be done if the vacancy lifetime determined both by drains and
by the impurity capture substantially exceeds the irradiation duration and is tens of
minutes. In this case, the vacancy concentration linearly grows with the irradiation dose

V =ngpD. (2.17)

According to equation (2.11), the concentration of free impurity atoms remains
unchanged and equal to Nj. At the same time, equation (2.15) shows that the carrier
concentration decreases with increasing irradiation dose (D = Gt):

n:NQ-V:No-nFPD. (218)

This equation describes the mechanism (we call it mechanism no. 1 or mechanism of
compensation by intrinsic defects) according to which the carrier concentration decreases
under irradiation due to the formation of singly charged deep acceptor centers in the
semiconductor bulk, to which electrons go from the donor levels. In this case, the rate of
electron removal from the conduction band (n.) coincides with the effective generation
rate of separated Frenkel pairs (ngp). It is important to note that, in this model, the
radiation defects forming deep centers may contain components of Frenkel pairs
(vacancies and interstitial atoms) with only native semiconductor atoms. Thus, this
mechanism is dominated by the contribution of primary RDs. Figure 2.3 shows separate
straight lines which are solutions to equation (2.18) for the carrier concentration at
various values of the parameter ngp.
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Fig. 2.3. Dependence of the carrier concentration on the electron irradiation dose.

Straight lines (1) and (2) represent a calculation by equation (9) at a parameter ngp of (1)
0.6 and (2) 0.15 cm™, respectively. Curves (1') and (2') represent a calculation by
equation (3.21) at a factor (ngp B 7) in the exponent equal to (1) 0.6 10™"° and (2') 0.15 10°
' em?, respectively [34].

The dashed line shows the level of "low" semiconductor compensation and the
corresponding low-compensation doses for two samples, D, and D, [34].

In mechanism no. 2, the elementary defects formed in irradiation of the semiconductor
effectively interact with dopant atoms to give neutral complexes (This mechanism is
commonly regarded as "deactivation" or "passivation" of donor impurity states by
radiation defects.) This occurs when the vacancy lifetime is substantially shorter than the
irradiation time and is determined by drains. In this case, the vacancy concentration can
be considered steady and can be found from equation (2.10) to be

V= T]FPGT. (2 19)

In this case, the dependence of the carrier concentration on the irradiation dose is
determined by the interaction of a vacancy with an impurity atom. Thus, the "dopant-
passivation" mechanism is dominated by the contribution from secondary radiation
defects, vacancy-impurity atom complexes. In this case, the carrier concentration is equal
to the concentration of free impurity atoms, n = N.

Equation (2.11) can be used to calculate the variation kinetics of N. In the "passivation"
mechanism, the kinetics is described by the equation

dN/dt=n G T N. (2.20)
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The solution to this equation has the form
N = NO exXp (-T]Fp BTGt) (221)

Figure 2.3 shows several exponentials that are solutions to equation (2.21) at various
values of the factor (ngpPt) multiplying the dose in the exponent. It follows from
expression (2.21) that, at small irradiation doses, expansion of the exponential in a Taylor
power series (with the first two terms of this expansion retained) gives

N =N (1 —npp BrGt) = No (1 — e BD), (2.22)

i.e., the dose dependence of the compensation becomes linear. The differences of the
exponentials from straight lines ("low" compensation level) start to be observed in Fig.
2.3 at (n/ny) = 0.85. However, the dose at which the compensation in a particular
semiconductor can be considered low is not a universal quantity, being dependent on the
parameters Ngp, B, and t of the radiation defects in a particular material. Strictly speaking,
at small N, the depletion of "impurity drains" for vacancies and, consequently, departure
of dependences (2.22) from linear behavior is observed even at very low irradiation doses
(short durations).

Finally, the conductivity compensation mechanism no. 3 includes elements of the first
two. The secondary defect complexes being formed are themselves deep acceptors
effectively capturing electrons from the conduction band. The concentration of the free
donor impurity can be still calculated by equations (2.21) and (2.22); however, the
electron concentration already does not coincide with N, being rather calculated by the
formula:

n=N-N,=2N - No. (2.23)
Taking into account formula (2.21), we have

n =Ny (2 exp (-ngp PtGt) -1) (2.24)
At low irradiation doses, formula (2.24) takes the form

n =N (I =2 npp PtGt) = Ny (1 — 2 ngp f1D) (2.25)

Comparison of the two formulas (2.22) and (2.25) shows that the slope ratio of the
straight lines describing the concentration of conduction electrons is twice that for the
straight lines describing the dopant concentration.
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Let us specify that a vacancy formed under irradiation actually "removes" two, rather
than one electron from the conduction band. Naturally, secondary radiation defects also
play a principal role in this mechanism, too.

Our analysis shows that a study of the process of deep conductivity compensation under
irradiation can, in principle, provide information about the mechanism of this
phenomenon if the dependence of the effect on the irradiation dose (and intensity) is
examined in detail.

Indeed, if the vacancy lifetime substantially exceeds the irradiation duration and the
compensation is governed by vacancies, then the dose dependence of the compensation is
linear to the point of full compensation.

If the vacancy lifetime is substantially shorter than the irradiation duration and the
process is controlled by the interaction of a vacancy with an impurity atom, then the

linearity of the dependence is disrupted at high doses in accordance with formulas (2.21)
and (2.24).

Let us now pass to an experimental verification of the mechanisms under consideration
for the case of SiC.

2.5.2 Comparison with experiment

Silicon carbide 4H-SiC samples having the form of 50-um-thick epitaxial films grown by
the CVD method in Germany (Leibniz-Institute for Crystal Growth, Berlin). The
uncompensated donor (Ng- N,) or acceptor (N, - N4 ) concentrations in the as-grown and
irradiated samples were found from capacitance-voltage (C - U) characteristics measured
at room temperature.

In [34], experiments were carried out with two kinds of 4H-SiC, of n- and p-types.
Samples with approximately the same doping levels (~10"° c¢m™) were chosen. All the
samples were irradiated simultaneously.

The irradiation with 0.9 MeV electrons was performed on a resonant transformer
accelerator (pulse repetition frequency 450 Hz, pulse width 330 ps) on a target cooled
with flowing water. The range of 0.9 MeV electrons is ~1.0 mm in SiC. The average
current density of the electron beam was 12.5 pA cm™. It can be assumed that defects
were introduced under electron irradiation homogeneously throughout the sample volume
because the thickness of the SiC samples being irradiated was substantially smaller than
the range of electrons.
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Fig. 2.4. Experimental dependences of the uncompensated carrier concentration on the
electron irradiation dose: (B) N, - N, in p-4H-SiC, (A) N, - N, in n-4H-SiC [34].

Figure 2.4 shows the experimentally measured dose dependence of the electrical
conductivity compensation in silicon carbide under electron irradiation: room-
temperature concentrations (Ng- N,) for n-CVD—4H SiC and (N, - Ny) for p-CVD-4H
SiC. It can be seen that a linear dose dependence is observed up to substantial
semiconductor compensation levels (90%) for both p-SiC and n-SiC. This suggests that
the carrier concentration decreases under irradiation due to the formation of deep centers
in the semiconductor bulk, to which electrons from shallow donor levels or holes from
shallow acceptor levels go. The radiation defects forming deep centers may contain
components of Frenkel pairs (vacancies and interstitial atoms) with only native
semiconductor atoms. The lifetime of isolated vacancies exceeds the irradiation time and
constitutes tens of minutes at room temperature. It is noteworthy that the experimental
dose dependences are independent of the irradiation intensity (at electron beam current
densities of 1.25 to 12.5 pA cm™). The rate of electron removal from the conduction band
(ne) coincides in this case with the effective generation rate of separated Frenkel pairs
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(mep). Figure 2.5 compares the calculated [by formula (2.18)] and experimental dose
dependences for n-SiC. The best agreement is achieved at a formation rate of separated
Frenkel pairs, ngp = 0.25 cm™. For p-SiC, a coincidence is achieved at ngp in the range of
12-1.6cm™.
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Fig. 2.5 Conductivity compensation in (1) n-SiC and (2) n-Si under irradiation with 0.9
MeV electrons. Points represent experimental data (SiC, present study; and Si, [36]).
Straight line 1 represents a calculation by equation (3.18) at a parameter ngp of 0.25 cm’

! Curve 2 represents a calculation by equation (3.24) at a factor (qep B 1) in the exponent
equal to 1.2 107 em’ [34].

Let us evaluate the probability of separation of a Frenkel pair being formed in p- and n-
type materials. The total FP generation rate ngp is calculated as a product of the full cross-
section ¢ of FP formation by the concentration of atoms in the target. Accordingly, the
generation rate ngp was obtained for SiC as a sum of partial values of ngp for silicon and
carbon atoms. Then, at a known value of ¢ = 40 barn [37], ngp Will be ~2 cm™ for silicon
in the sublattice of silicon carbide. For carbon at 6 = 23 barn [37], ngp in silicon carbide
will be ~1 cm™. The total rate of FP formation in the SiC sublattices is ~3 cm™.

In SiC, the experimentally observed value of 1. (~0.25 cm™) is substantially smaller than
the calculated nmgp(Si) and nep(C). Therefore, vacancies in both sublattices may be
responsible for the conductivity compensation. It is believed in the literature that the main
defects responsible for the compensation of n-SiC (CVD) are the Z,/Z, center and EHg/;
center [38]. To identify the sublattice in which these centers are formed, irradiation with
150 keV electrons is commonly performed. At these electron energies, defects are formed
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only in the carbon sublattice. It was demonstrated in [39, 40] that the above centers are
reliably detected at bombarding-electron energies lower than 200 keV. Both centers are
associated with the carbon vacancy [41]. If a carbon vacancy is operative, the separation
probability of a Frenkel pair formed in this sublattice, fgp, is ~25% according to formula
(2.13). The remaining 75% of the FPs recombine immediately after being generated.
Unfortunately, it is hardly possible to compensate n-SiC with ~150 keV electrons
because this requires huge irradiation durations (due to the low defect introduction rate).
In the studies known to us, the minimum electron energy at which the compensation was
observed in n-SiC (CVD) is 400 keV [42].

In p-SiC, the experimentally observed value n, = (1.2 - 1.6) cm™ (see Fig. 2.4) exceeds
the calculated ngp(C). Therefore, either primary defects in the silicon sublattice or defects
in both sublattices are responsible for the conductivity compensation. Unfortunately, in
contrast to n-SiC, experimental studies concerned with irradiation of p-SiC are very
scarce. If only the silicon vacancy is operative, the separation probability of a Frenkel
pair in this sublattice, fgp, i1s ~80% according to formula (2.13). The strong difference in
FP behavior (degree of dissociation) between p- and n-type materials may be due not
only to the different sublattices, but also to the charge state of the components of FPs
formed in p- and n-SiC materials.

Figure 2.5 presents for comparison the experimental data for n-FZ-Si taken from [36].
These points exemplify the third mechanism, named Watkins mechanism, just which is
operative in electron-irradiated silicon. In this case, the role of a deep acceptor, a
negatively charged complex, is played by the E-center (containing a vacancy and a
phosphorus atom). The experimental points are well described by curve (2.24) for the
factor (ngp P ) multiplying the dose in the exponent equal to 1.2 10™° cm®,

Let us estimate the vacancy lifetime for silicon. We take into account that the parameter
B, the interaction constant of a vacancy with an impurity atom, is equal to the product of
two parameters (B = ay). The parameter f depends on the velocity of vacancy motion
over the crystal and on the interaction probability of a vacancy with an encountered
impurity atom. The parameter a characterizes the motion velocity of the primary defect
over the crystal, or, more precisely, the crystal volume covered by a vacancy in unit time.
The value of a is proportional to the probability of encounter of a primary defect with a
donor atom. The value of a can be estimated as o = a’vexp(-E,/kT), where a is the lattice
constant; v, vibration frequency of atoms in the lattice; and E,, vacancy migration
energy. This estimate gives a value o = 107 exp(-E./kT) for Group-IV atomic
semiconductors.
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Using the value E;, = 0.18 eV for silicon [43], we obtain for a a room-temperature value
of 7.5 10" cm’ 57

The parameter vy is the probability of formation of a secondary defect upon encounter of a
vacancy and an impurity atom. Taking into account the large cross-section of the
interaction between a negatively charged vacancy and a positive phosphorus atom, we
can take that y is unity for this pair of interacting components.

The experimental points for the electron concentration (Fig. 2.5) are well described by
the exponential (2.24), with the factor multiplying the dose in the exponent equal to 1.2
107°. Knowing the product of three factors (ngpft), the value of ngp (~2 cm™), and that of
B (7.510™"° cm’ ), we can estimate the vacancy lifetime to be T~ 80 ps.

It should be noted that 4H-SiC (CVD) is presently the most perfect silicon carbide
material. For comparison, we studied in [22] the rate of carrier removal, 1., in n-SiC (SE)
layers. We found that, in the case of electron irradiation, 1 is 0.015 cm™ in sublimation-
grown n-SiC and has an order of magnitude larger value of 0.25 cm™ in CVD films. It is
known that the generation rate of primary RDs is nearly independent of the method used
to grow the material [44]. Therefore, it is necessary to assume that the difference in the
degradation rates of the material is accounted for not so much by the primary defect
formation, as by that of the secondary type. The specific features of the fabrication
technique created in the sublimation material favorable conditions for the drain and
recombination of point defects, which leads to low carrier removal rates under electron
irradiation.

2.6 Radiation doping

Another important aspect of studies concerned with the interaction of ionizing radiation
with substance is the radiation doping (RDo). The RDo of a semiconductor can create
local regions with high resistivity, which are necessary for developing a device. It is
commonly believed that the radiation hardness and the possibility of RDo are
contradicting characteristics of a material, with a radiation-hard semiconductor
considered to be unpromising for compensation by RDo.

We show below that such an assessment is not quite correct in the case of WBSs. It is
known that WBSs are promising not only for high-temperature electronics, but also for a
number of devices not intended to operate at high temperatures. In the first place, these
are high-frequency devices (Schottky diodes, some kinds of FETSs) the structure of which
contains a metal - semiconductor contact. As a rule, the contact of this kind rapidly
degrades with increasing temperature, irrespective of the maximum possible working
temperatures of the semiconductor itself. If the working temperatures of a device do not
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exceed substantially 300 K, then we can use the values 1. obtained at this temperature for
determining the RDo efficiency. Another important parameter characterizing the RDo
efficiency 1s the maximum resistivity (py) that can be obtained for various
semiconductors. This parameter can be evaluated by the known formula

pm = (enp) (2.26)

Here, e is elementary charge, n is the concentration of electrons in the conduction band,
and p is the carrier mobility.

Let us assume, when carrying out a calculation, that an acceptor RD was formed at the
midgap (Erp = 1/2Eg) upon irradiation of an n-type material, with its concentration Ngp
exceeding the total concentration of shallow donors. Then n can be evaluated by the
following formula [45]:

n = NpN¢ (Nrp-Np) " exp(-ErD/KT) (2.27)

The results obtained in calculating the ratio between the resistivity of some
semiconductors and that of silicon at T = 300 K are presented in Table 2.6. It can be seen
that WGSs markedly surpass NGSs as materials for obtaining high-resistivity layers, in
agreement with the conclusions of [46]. The semi-insulating properties of the layers will
also be preserved at elevated temperatures. It was shown in [10] that the resistivity of 4H
SiC at T =450 K is equal to the maximum value obtained for GaAs at room temperature
(p~10° Q cm).

Table 2.6. Calculated ratio between the maximum resistivity of wide-bandgap
semiconductors and that of silicon at 300 K

Semiconductor PPsi

GaAs 2.410*
6H-SiC 6.6 10"
4H-SiC 3.510"

In paper [47] electron irradiation was applied to the formation of 4H-SiC semi-insulating
layers. The resistivity of irradiated layers ( energy 400 keV, fluence ~ 1,9 x 10'® cm™?)
exceeded 10" Q cm at room temperature. From capacitance-voltage characteristics of
Schottky structures, authors estimate the depth of semi-insulated layers as 10 um. The
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semi-insulating property can be ascribed to electron trapping at the Z,,, and EHg/; centers
generated by electron irradiation.

2.7  Effect of high irradiation doses

The amorphization of SiC samples has been observed upon irradiation with electrons [4,
48], neutrons [49], protons, and various kinds of ions (He, Ar, Cr) [50]. It was also noted
in [50] that the process of SiC amorphization differs from that for silicon. Only ions
heavier than B can amorphize silicon at room temperature, with lighter ions yielding
strongly defective layers of the crystalline material even at very high implantation doses.
At the same time, the amorphization of SiC occurs when the critical implantation density
of 23 eV/atom is reached, irrespective of the mass of an ion. It was noted in [50] that this
difference may be due to the higher room-temperature mobility of defects in silicon and
their partial annealing (recombination) directly in the track of an implanted ion.

It 1s well known that the depth distribution of stopping energy losses for protons in a
material is quite specific. As a result, radiation defects are produced by protons in a
semiconductor predominantly at depths that are close to the protons’ projected range Rp.
It is important that the radiation-defect generation rate directly at the surface is almost an
order of magnitude lower than that at depths close to Rp. At the same time, radiation
defects are not produced at all at depths that far exceed Rp [44]. Thus, irradiation with
protons can be used to form layers that are highly localized at a certain depth (buried
layers) and have a high concentration of radiation defects. As a result, irradiation with
high doses of low-energy protons is widely used in the technology of various
semiconductors, for example, to form highresistivity buried layers (SOI technology) or to
detach thin films of material after annealing of irradiated samples (so-called Smart Cut
technology) [44]. The use of irradiation with protons in SiC technology may be of
particular interest in the context of a recent report that it is possible to form an amorphous
SiC layer as a result of exposure to proton radiation [51]. As is well known, the
phenomenon of amorphization under the effect of irradiation with protons is typically not
observed for other semiconductors [44].

In [52] was studied the formation of buried SiC layers with a high concentration of
radiation defects under low energy proton irradiation. Used were 6H- and 4H-SiC wafers
with n-type conductivity as the samples. The concentration of uncompensated donors Nd
— Na was ~1.6 x 10" cm™ in 6H-SiC and 3.8 x 10'"® cm™ in 4H-SiC. The samples were
irradiated with protons using the accelerator of an NG-200U neutron generator at room
temperature. We used protons with energy £ = 100 keV and with doses ranging from 2 x
10" to 4 x 10" cm ™. The value of Rp for 100-keV protons is equal to ~0.65 um in SiC
[44]. The samples were subjected to post irradiation isochronous annealing at
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temperatures in the range 500— 1500 °C in an argon atmosphere. The parameters of the
samples before and after irradiation and after annealing at various temperatures were
determined from measurements of the capacitance—voltage (C—V) and current—voltage (/-
V) characteristics, as well as from an analysis of photoluminescence (PL) spectra.

A band peaked at a wavelength of A,,x ~ 465— 470 nm was observed in the PL spectra of
unirradiated 6 H-SiC samples. This band is caused by radiative recombination at the AI-N
donor—acceptor pairs.

A PL band peaked at A,.x ~ 420 nm was also observed in the PL spectrum of
unirradiated 4H-SiC crystals; this band is related to radiative recombination involving the
Al acceptor center. In addition, a band peaked at A,.x ~ 560 nm and related to the B
impurity in SiC crystals [53,54] was observed in the long-wavelength portion of the 4H-
SiC PL spectrum (see section 3.5.1 for more details). The PL almost disappeared in all
types of samples immediately after irradiation. Previously [55-57], the quenching of PL
related to the atoms of the Al impurity was studied in SiC samples treated in a hydrogen
plasma. This quenching was presumably [55-57] caused by the ability of hydrogen atoms
to passivate the B and Al acceptor centers in SiC, i.e., the ability of hydrogen to form
electrically inactive complexes with the Al and B atoms. These complexes do not exhibit
a high thermal stability and decompose at temperatures >200 °C; simultaneously,
diffusion of hydrogen from the semiconductor bulk is observed [57]. In [55] was
observed the complete recovery of the initial PL intensity after annealing samples at
temperatures ~750 °C. In case [52], an appreciable recovery of the PL intensity sets in at
higher temperatures (~800 °C), which is apparently related to the much higher hydrogen
concentration in our samples than in the samples studied in [57]. It is worth noting that
this temperature (~800 °C) is close to the temperature for the onset of annealing of
radiation defects in SiC [58, 59, 11]. The PL intensity in the samples under study reverted
to the initial (preirradiation) value after annealing at 1500 °C. Studies of the surface of
irradiated samples showed that morphological parameters remained unchanged after
irradiation with protons in the entire range of doses used. A variation in the surface
morphology sets in after annealing of irradiated samples. It is worth noting that, in
contrast to silicon [51], the annealing temperatures required are quite high (~880 °C).

Blistering and detachment of flakes of the material were observed for all the samples
irradiated with a dose < 3 x 10" cm ™ of protons and then annealed at temperatures > 800
°C [2]. Blistering of the surface was not observed for the samples irradiated with a dose
>3 x 10" cm™ of protons and then annealed in the temperature range 800—1500 °C. In
our opinion, the observed suppression of blistering is caused by amorphization of the
implanted layer. In [51] was used atomic-force microscopy to detect the presence of an
amorphous phase in silicon carbide irradiated with low energy protons with a dose of 3
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x 10" ¢cm* and comparatively low proton-beam currents (<5 pA cm ). Apparently, this
observation is indicative of specific features of separation of primary radiation defects in
silicon carbide, which may lead to the accumulation of a concentration of multivacancy
complexes that is sufficient for amorphization of the semiconductor. Amorphization
suppresses the formation of flat two-dimensional vacancy—hydrogen defects that are
observed only in the crystalline material and represent the main factor in the development
of microcracks in the plane of buried defect-rich layers, which gives rise to blistering.

A shift of the C—V characteristics upward along the vertical axis with the initial slope (the
initial value of Nd — Na) retained was observed after irradiation of the surface-barrier
structures under study. In addition, a dependence of the measured capacitance C on the
frequency used in the measurements (f) was observed: C increased as f decreased. The
value of C coincided with that for an unirradiated diode at frequencies ~100 Hz. This
feature of the C—V characteristic [60-61] indicates that the ohmic resistance of the diode
increases significantly a result of irradiation. In addition, a nonlinear dependence C (V)
was observed for 6H-SiC samples at reverse-bias voltages > 8 V (thickness of the space
charge layer >0.1 um); this observation indicated that the difference concentration Nd —
Na decreased with increasing depth. This effect is much less pronounced for the 4H-SiC
samples, which is evidently related to the higher initial (before irradiation) concentration
Nd — Na in the samples of this polytype (thickness of the space charge layer is ~0.06 um
at the highest reverse-bias voltages). Thus, according to the capacitance measurements,
irradiation led to the formation of a compensated layer at depths >0.1 um; at the same
time, the concentration at the surface of the sample did not change.

Finally in [52] was concluded that dose of ~3 x 10" cm ? is the critical dose for 100-keV
protons. Irradiation with doses <3 x 10'7 ¢m * leads to the development of blistering
during annealing and can be used in Smart Cut technology. This blistering phenomenon
is found to be suppressed at doses >3 x 10'7 cm™, most likely because of the developing
amorphization of the irradiated layer. The thickness of this layer can be varied by varying
the proton energy. Thus, irradiation with protons with doses > 3 x 10'” cm ™ may turn out
to be promising for the formation of SOI structures based on SiC. It is worth noting that
the cross section for the defect production usually decreases as the proton energy
increases; as a result, the concentration of defects in the buried layer decreases.
Therefore, we may expect that an increase in the proton energy will lead to an increase in
the critical value of the radiation dose.
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2.8 Effect of the energy of recoil atoms on conductivity compensation in
moderately doped n-Si and n-SiC under irradiation with MeV electrons and
protons

2.8.1 Introduction

The irradiation of semiconductors with MeV electrons and protons is used both for basic
research purposes and for the solution of applied problems. Scientifically, it is rather
important to verify the existing opinion that the interaction of intrinsic primary radiation
defects in semiconductors under irradiation with fast electrons occurs similarly to the
case of irradiation with MeV protons. The main practical application field is the
technique for reducing the lifetime of nonequilibrium carriers in structures of power
semiconductor (as a rule, based on silicon and silicon carbide) devices of the switching
type: diodes, transistors, and thyristors [62]. It is impossible not to note the importance of
studies carried out with beams of MeV electrons and protons for simulating the space
conditions [63] and, in particular, the Earth's radiation belts [64].

It is known that the radiation-induced defect formation is accompanied by the appearance
of local energy levels in the band gap of a semiconductor. Radiation defects are for the
most part either compensation centers (carrier "traps"), or recombination centers for
nonequilibrium carriers [34]. Therefore, irradiation can widely vary the characteristics of
semiconductors (concentration, mobility, and lifetime of carriers) and the properties of
semiconductor devices [44]. As is known, radiation defects (RDs) are formed in
semiconductors by bombarding particles in two stages. The first of these, "generation of
primary RDs," in turn, includes two processes. First, host atoms are shifted as a result of
a direct interaction with a particle, with the so-called primary knocked-on atoms (PKAs)
formed. Further, there occurs a cascade of collisions in which defects are created by
PKAs themselves. In the second stage, "formation of secondary RDs," the primary
vacancies and interstitial atoms enter into various physicochemical reactions (mainly with
the defects and impurities present in the matrix) to give stable RDs, and just these RDs
further determine changes in properties of materials and devices.

For silicon carbide n-4H-SiC grown by vapor-phase epitaxy, formation of RDs leads to a
conductivity compensation of the material. It was shown in [34] that experimental values
of the carrier removal rate 1. (0.25 cm™ at electron energy of 0.9 MeV) are nearly an
order of magnitude lower than those (2 cm™) for higher energy electrons (6 - 8 MeV)
[35,65 - 66].

It is noteworthy that the same capacitance-voltage method was used in [34, 35, 65 - 66] to
determine the concentration. For another semiconductor, silicon, the dependence of the
conductivity compensation on the energy of bombarding electrons was studied in [67,
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68]. It should be noted that the same Hall method served in both studies to measure the
carrier concentration. It was shown that 1, became an order of magnitude higher as the
electron energy increased from 2 to 7 MeV. The strong energy dependence of 1, cannot
be attributed to the process in which primary RDs are generated because the formation
cross-section of primary radiation defects is nearly energy-independent in this energy
range. So far, due attention has not been given to explaining the differences between the
above experimental and calculated data.

Below will be done analyze of the process of conductivity compensation in silicon and
silicon carbide under irradiation with MeV electrons and protons and to determine the
role played by recoil atoms in the formation of radiation defects.

Let us consider the process in which radiation defects are formed, yielding compensation
centers in semiconductors under these kinds of irradiation.

2.8.2 Generation of primary radiation defects under electron irradiation

The scattering in collisions leading to displacements is primarily associated with the
Coulomb interaction of an electron with a host nucleus in the target, but Rutherford's
nonrelativistic scattering laws are inapplicable in the given case because an electron with
energy E. = 0.9 MeV has a speed close to that of light (V = 0.94c). The relativistic
Coulomb scattering of electrons shows that, with increasing energy of bombarding
electrons, the displacement cross-section gradually grows from zero at a certain energy
E, of electrons (in irradiation of silicon, the energy E, = 250 keV) and then becomes
constant. Because the values of E. analyzed in this study substantially exceed E,, the
scattering cross-section can be evaluated by the simplified McKinley - Feshbach formula
[69]:

2n22e4) _ [ 14022

1
04 = (Zﬂfo)z (Endz AELV) (barn) (2.28)

where c is the speed of light; e, elementary charge; M and Z, mass and charge of a host
atom in the target; 4, mass number of this atom; and E,, threshold energy of atomic
displacement.

For Si, Ey, was taken to be 25 eV, which is the value most frequently used in analyses and
calculations in the literature [70]. For SiC, comparatively new values of 24 eV and 18 eV
were taken for the silicon and carbon sublattices, respectively [71, 40]. At these threshold
energies, the cross-sections of RD formation, given by formula (2.28), are ~ 40 barn for
Si and 23 barn for C, being nearly independent of the energy of bombarding electrons in
the range 1-10 MeV. The rate of PKA generation due to the interaction with an incident
electron is calculated as a product of the cross-section by the concentration of host atoms
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in the target. Accordingly, the PKA generation rate for the binary semiconductor SiC was
obtained as a sum of the partial generation rates for silicon and carbon atoms. Then, the
PKA generation rate will be ~2 cm™ for silicon and ~1 cm™ for carbon. The summarized
PKA generation rate in the SiC sublattices (3 cm™) is nearly the same within the range
from 1 to 10 MeV. Thus, the rates of generation of primary radiation defects due to the
interaction with an incident electron are approximately the same at energies of 1 and 10
MeV and cannot account for the observed difference between the carrier removal rates ne.
The reason for this difference should be sought for in the defect generation by recoil
atoms, rather than by the bombarding electrons, and also in the formation of secondary
radiation defects.

2.8.3 Formation of secondary radiation defects

The behavior of the components of a Frenkel pair (vacancy and interstitial atom), formed
upon irradiation of a semiconductor, depends on numerous factors, the most important of
which are the irradiation temperature, impurity composition and doping level of a
particular semiconductor, and energy of a primary knocked-on recoil atom.

The many-years' experience of experimental studies of the behavior of radiation defects
upon their generation recommends creating conditions in which only a single parameter
is varied. In our studies [34, 68], only the last of these parameters was variable, i.e., the
energy spectrum of PKAs, in contrast to [35, 65 - 67].

It is known that the energy spectrum of PKAs, or the number of atoms primarily
knocked-on by a relativistic electron from their equilibrium positions, is distributed, as
also in the case of bombardment with atomic particles, approximately by the inverse-
square energy law [72]. Let us estimate the average energy <Epg> received by PKAs for
the example of a silicon atom colliding with a relativistic electron. Taking into account
the inverse quadratic dependence for calculating the average energy received by
semiconductor atoms in collisions with relativistic electrons, we can use the formula
derived for the elastic Rutherford scattering [72]:

< Epgy > = [Ed EEm—] In (Em—) (2.29)

max—Ed Eq
where E,,, i1s the maximum energy transferred to a semiconductor atom by a relativistic

electron with mass m, and energy E.:

Emax = 2Eo(E, + 2mec?)/Mc? = EEL2D () 2.30)

Table 2.7 list the average and maximum energies of silicon recoil atoms in relation to the
energy of bombarding electrons. For comparison, similar parameters are given in Table
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2.8 for the case of proton irradiation. In this case, calculations were made in two ways.
Either analytically, by expression (2.29) in which E,,, is estimated by the formula [15]
for proton with mass m, and energy E;:

4mpyMEp 4AEp

Epax = = (2.31)

(mp+M)? (1+A4)2

or by numerical simulation of the deceleration of protons by TRIM software [16].

Table 2.7.Dependence of the main energy parameters of silicon recoil atoms and
generation rate of Frenkel pairs in relation to the energy E, of bombarding electrons.

E., Enax Epa> Y Nrp,
MeV | eV cm’!
0.9 130 51 1.0 2.0
2.0 460 76 1.2 |24
2.5 666 86 1.4 |28
4.0 1530 105 1.7 |34
8.0 5496 135 22 |44
15.0 18500 | 160 27 |54

Note. The following values were taken for Si: E;=25¢eV, Ny = 5102 cm™.

Table 2.8. Dependence of the main energy parameters of silicon recoil atoms and
characteristics of Frenkel pairs on the energy of bombarding protons.

E,, MeV 0.5 1 2 4 8 15 20
67 134 368 | 535 1070 | 2006 | 2680
Emax, keV
<Epka>, eV 197 215 232|250 | 267 |283 290
v 3.1 3.4 3.7 4.0 4.3 45 |4.6
o4, barn 37000 | 18500 | 9200 | 4600 | 2300 | 1200 | 900
Nrp, cm’ 5700 | 3100 | 1700 | 920 |494 |[280 |207
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Figure 2.6 shows how <Epgs> depends on the energy of bombarding electrons and
protons. It is noteworthy that the rise in the average energy is more pronounced at E. in
the range from 1 to 4 MeV, compared with that at E. > 5 MeV. Comparison of the curves
shows that at higher electron energies (15 MeV), <Epga> of 160 eV is considerably
closer to the values obtained in the case of a proton irradiation (215 eV at energy of 1
MeV) as compared with those for the electron irradiation (55 eV at energy of 1 MeV).
Therefore, it can be assumed that the RD spectrum will vary with increasing energy of
bombarding electrons, thereby approaching the spectrum of RDs formed under proton
irradiation.

It can be seen in Table 2.7 that, in the case of irradiation with 0.9 MeV electrons, <Epg s>
of silicon is ~51eV, which is comparable with energy threshold E4 of defect formation.
Thus, the electron energy of 0.9 MeV is sufficient for only single closely spaced
(occasionally named "genetically related") pairs to be formed, constituted by a vacancy
and an interstitial atom (Frenkel air, FP). In radiation physics of solids, this kind of
irradiation is frequently named model irradiation. With increasing energy of bombarding
electrons, a primary knocked-on atom can itself knock-on a lattice atom: the average
number v of displaced atoms per each PKA grows. Tables 2.7 and 2.8 present values of v
(also named multiplication coefficients), evaluated by the Kinchin-Pease formula [74]
modified by Ziegler [73]:

y = Lekaz at  2,5<<Epgy><E; (3.32)

2,5E4

where E; is the threshold ionization energy of an atom (equal to 7.15 keV for Si). The
threshold energy level of a collision cascade, 62.5 eV for silicon, is shown by the dashed
line in Fig. 2.6.
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Fig. 3.6. Average energy of a primary knock-on silicon atom (PKA) on the energy of a
bombarding particle. Curve 1: electron irradiation, calculation by formula (2.30). Curve
2: Proton irradiation, calculation by TRIM software [73]. The dashed line shows the
onset energy level of a collision cascade (<Epx,> = 2.5 eV, E;= 62.5 eV) [84].

Formulas (2.28) and (2.29) show that, with increasing electron energy, the cross-section
of defect formation remains unchanged, but <Epg.> grows and, consequently, so does v.
For example, for 8 MeV electrons, <Epga> = 135 eV and v = 2.2. The concentration of
displaced atoms (Frenkel pairs) formed due to the interaction with bombarding electrons
and with PKAs under irradiation at a dose D is calculated by the formula

NFP = Nsi O-d v D (233)

where Ng; is the concentration of silicon atoms. It is more convenient to use the quantity
named the FP generation rate ngp introduced as the ratio of Ngp to the irradiation dose D.
Then

Nep = Ns; 04V (2.34)
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Because, as calculated above for 0.9 MeV electrons, 64 = 40 barn and v = 1, the PF
generation rate found from (2.34) will be 2 cm™ (Table 2.7).

2.8.4 Comparison with experiment

Silicon samples were cut from n-Si wafers. n-Si grown by the floating zone technique
was doped with phosphorus in concentrations of (6 - 8)-10"” cm™. The residual
concentration of oxygen did not exceed 5-10'® cm™. n-SiC (4H) epitaxial layers with
thickness of 50 um were grown in a commercial horizontal hot-wall CVD-system at the
Leibniz Institute for Crystal Growth, Berlin, Germany. Commercial SiC (4H) wafers
were used as substrates. The electron concentration due to uncompensated donors in
these layers, n = Np—N,, did not exceed 2-10" cm™. Schottky diode structures were
fabricated on the SiC layers. The irradiation and sample measurement procedures used in
the present study were described in detail in [34, 68, 75].

Figure 2.7 shows experimental carrier removal rates 1. in silicon and silicon carbide,
obtained in the present study for identical samples for two electron energies of 0.9 and
3.5 MeV, and those from [35, 65 - 67] for the energy range 2-8 MeV (curves 1 and 2). It
can be seen that the values obtained for n. under irradiation with 8 MeV electrons are
approximately an order of magnitude higher than those for 0.9 MeV electrons. The same
figure presents dependences of the calculated rate of Frenkel pair formation (ngp) for
silicon and silicon carbide (sum for both sublattices) on the energy of bombarding
electrons (curves 3 and 4). It can be seen that the calculated rate of Frenkel pair formation
under irradiation with 8 MeV electrons is only twice that for 0.9 MeV electrons.

printed on 2/13/2023 2:53 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Radiation Effects in Silicon Carbide

2.5 | 1 ] ] ] | 17
4l =&  Refo
2,25 -{| ——  This work "
1A @ Thiswork s -& | 10
t i
24| =% Ref6-8 1 hg —O
1r?5 | /_/{:E:T’,
5 i
IE 155 i
@ 425
h —
(]
= 1
0,75 —
0,5 —
0,25 —|
L ' I ' | ' | ' | ' v
o 2 8 10

4 &
E., MeV

Fig. 2.7. Experimental values of the carrier removal rate in (1) silicon carbide and (2)
silicon, obtained in the present study and in [6-9]. Dependence of the generation rate ngp
of Frenkel pairs for (3) silicon carbide and (4) silicon; calculation by formula (2.33)

[84].

Thus, it is rather difficult to account for the experimental data by a simple increase in the
generation rate of radiation defects due to the interaction with incident particles and
PKAs.

To explain the experimental data, it is necessary to consider two more reasons. As the
energy of bombarding electrons increases from 1 to 6 - 8 MeV, only the portion
corresponding to head-on collisions changes in the PKA spectrum. This portion of "high-
energy" ("hot") PKAs extends approximately from 150 to 1000 eV. With increasing PKA
energy, the average distance between the genetically related FP components grows.
Figure 2.9 shows how the range of PKA silicon ions in silicon depends on the PKA
energy in the interval from 50 to 1200 eV, calculated by TRIM software [73]. It is known
that the efficiency of defect formation is primarily determined by the extent of
dissociation (separation) of primarily created genetically related Frenkel pairs: vacancy
(V) - interstitial atom (I). In the course of dissociation, the charge of components of the
pair may change. This circumstance determines the nature of the interaction between V
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and I and makes it possible to determine the FP recombination radius r, (distance
between the FP components, critical for their recombination). Of key importance in this
context are two factors: distribution of primarily created FPs over the distance between
the components and the presence of electrons and holes providing the recharging. It was
noted in [76, 77] that V and I are neutral at the instant of birth, and the [V°I°]
recombination radius is ~2a, where a is the lattice constant (for silicon, ag; = 0.543 nm).
When the vacancy captures an electron, the pair [V1°] dissociates at r, > 4a. Upon a full
recharging of the pair, [VT'], the distance increases and r, > 7a. Figure 2.8 shows by
dashed lines the critical recombination radii for these three cases. Silicon PKA energies
corresponding to ranges of 2a, 4a, and 7a can be found from Fig. 2.8 These energies are
110, 420, and 1150 eV, respectively.

i 7a
3,5 -
5
S5
Vi iodim
5 o |
N -
g o] |
2 |
15 — I
- 2a |
L= a_ =0.543 nm |
. I
] |
3 I |
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Energy, eV

Fig. 2.8 Range of silicon PKAs in silicon (upper curve) and silicon carbide (lower curve)
on the PKA energy, calculated by TRIM software [73]. Ashed lines indicate the values of
the recombination radius and the corresponding energies of PKAs (see text)[84].

Thus, most of "hot" PKAs will be removed from their formation places and the Frenkel
pair will separate into a free vacancy and an interstitial atom. As a consequence, the
fraction fgp of dissociating FPs grows with increasing energy of recoil atoms:

fep = -2 (2.35)

nrp
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The carrier removal rates in n-Si and n-SiC can serve in the initial irradiation stages as a
measure of formation in silicon and silicon carbide of these "remote" pairs, i.e., those
separated into isolated vacancies and interstitial atoms. It was known from the literature
that, for example, the fraction fgp of unrecombined FPs is ~5% in the case of irradiation
of moderately doped silicon (n = 10'® cm™) with 1 MeV electrons [77]. The
experimentally measured rate of formation of dissociated pairs in silicon carbide (0.25
cm'l) gives close values: fgp is 8% of the total FP generation rate of 3 cm™,

As regards the identification of the radiation defects responsible for the conductivity
compensation in moderately doped n-Si and n-SiC, the following comment should be
made. In n-Si, the vacancy is believed to be the main component of a Frenkel pair,
responsible for the compensation [67, 68, 78]. In silicon carbide, the situation is
considerably more complicated. It is believed in the literature that the main defects
responsible for the compensation in n-SiC (CVD) are the Z,/Z, center and EHg; center
[38]. To identify the sublattice in which these centers are formed, n-SiC is commonly
irradiated with 150 keV electrons. At these electron energies, defects are formed only in
the carbon sublattice. It was shown in [39, 40] that the above-mentioned centers are
reliably recorded at bombarding electron energies lower than 200 keV. Both the centers
are associated with the carbon vacancy [41]. If only the carbon vacancy is responsible for
the conductivity compensation, then the separation probability fgp of the Frenkel pair
formed in this sublattice is ~25% according to formula (2.35). The remaining 75% of the
FPs formed recombine immediately after being generated. Unfortunately, it is hardly
possible to perform compensation of n-SiC with electrons having energies of about ~150
keV because this requires huge irradiation times due to the low defect introduction rate.
In the publications we are aware of, the minimum electron energy at which the
compensation of n-SiC (CVD) was observed is 400 keV [42].

Let us estimate for the case of silicon irradiation with 0.9 MeV electrons the
characteristic energy of PKAs in silicon (Ep,,) at which 5% of the total number of PKAs
are in the right-hand ("high-energy") part of the spectrum. We take into account that the
energy spectrum of PKAs, or the number of atoms primarily knocked-on by relativistic
electrons from their equilibrium positions, is approximately distributed by the inverse-
square energy law. With this dependence, it is easy to estimate the fraction of PKAs in
the right-hand part of the spectrum (fraction of separated FPs):
1 1
Ez

frp = “har 22 (2.36)

E; Ej

where E;= 25 eV (threshold energy of defect formation), and E, = 130 eV is the
maximum PKA energy estimated by formula (2.30). Under these conditions, the
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characteristic energy E.., is 107.5 eV. As already noted, the range equal to two lattice
constants corresponds to this energy. This value of the annihilation radius may point to
the annihilation of the genetically related components of Frenkel pairs in the neutral state
[V® I°]. As the energy of bombarding electrons increases, the fraction of PKAs that
received energy higher than 107.5 eV becomes larger. For example, this fraction is about
20% according to formula (2.36) at the energy of 3.5 MeV. In this case, the
experimentally measured ratio between the carrier removal rate and the rate of Frenkel
pair generation is about 40%.

As the electron energy is raised to 6 MeV, frp in silicon carbide becomes nearly four
times larger (increases to 30%) [35, 66]. It is noteworthy that, as the electron energy is
raised further to 8 MeV, no significant rise in fip is observed. These results are correlated
with the known data on the dependence of the conductivity compensation in another
semiconductor, silicon, on the energy of bombarding electrons [67]. It was shown in [67]
that the efficiency of silicon compensation grows with the electron energy increasing to 4
MeV and remains unchanged as the energy is raised further to 9 MeV. The rise in the
fraction of separated FPs (upon an increase in E. to approximately 5 MeV) indicates that
the average energy of recoil atoms strongly affects (when increasing in the range from 50
to 100 eV) the behavior (separation into components) of primary FPs.

The second factor that accounts for the experimental results [35, 65-68] is the possibility
that new, more complex defects can be formed. It has been experimentally demonstrated
that point defects are formed in elementary semiconductors (and are not masked by
formation of complex defects) under irradiation with electrons having energies of 0.5 to 2
MeV [77, 79]. In [39, 80 - 81], spectra of RDs formed in silicon carbide under irradiation
with electrons having various energies were compared. It was shown that, as the electron
energy increases to 9 [39] and 15 MeV [81], the defect spectrum is strongly different
from that observed under irradiation with 1 MeV electrons. Moreover, traps characteristic
of the spectra observed under irradiation with MeV protons appear in the spectra of
samples irradiated with electrons having energy of about 15 MeV [35, 81, 82]. This
confirms our assumption that the PKA energy is a key factor in the formation of
secondary defects. It can be seen in Fig. 2.7 that the values <Epi 5> for irradiation with 15
MeV electrons and 1 MeV protons are close to each other.
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Fig. 2.9. Low-energy part of the histogram for silicon PKAs under irradiation with 8
MeV protons, obtained by calculation with TRIM software [73]. The inset shows the
conditional separation of the histogram into the high-energy region of "hard" collisions
and low-energy region of "soft" collisions (see text) [84].

Protons with MeV energies can transfer in collisions up to a third of their energy and
cause cascades of collisions, with recoil atoms involved in the generation of "secondary"
FPs. Using TRIM software [73], we simulated the scattering of 8 MeV protons in silicon.
The main goal was to construct a histogram of energies received by primary knocked-on
PKA atoms (Fig. 2.9). For clarity, the upper boundary of the spectrum is limited by 300
eV. We distinguish the cases in which the transferred energies are lower and higher than
130 eV. The value of 130 eV corresponds to the maximum energy transferred to a silicon
atom by 0.9 MeV electrons (Table 2.7). Of the total 400 collision events to give FPs, 320
events with average energy of primary knocked-on PKA atoms of ~50 eV are present in
the left-hand low-energy part of the spectrum (region of "soft" collisions). In the right-
hand high-energy part of the spectrum, (region of "hard" collisions), 80 PKAs with
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average energy of ~840 eV are formed. The share of collisions of this kind is only 20%,
but a Si atom with energy of 840 eV creates in a cascade approximately ten vacancies. In
contrast to vacancies generated in "soft" collisions similar to the scattering of electrons,
these vacancies are not components of single FPs any more. Under these conditions, a
cascade yields microscopic regions with sizes of 20 - 30 A, with up to ten displacements
occurring in these regions [68]. Strictly speaking, these microscopic regions are not
disordered regions (DRs). However, the high concentration of vacancies in these regions
promotes formation of divacancies and complexes of these with impurity atoms [83].

In principle, the irradiation of silicon with MeV protons can be regarded as a
superposition of the irradiation with 1 MeV electrons and that with silicon ions with
energies of ~1 keV, with the "source" of silicon ions generating these ions uniformly
distributed across the sample thickness. Under irradiation with 8 MeV protons, a fifth
(20%) of PKAs is in the "hard" part of the spectrum and form displacement cascades. Our
estimates demonstrated that, under irradiation with 15 MeV electrons, up to 8% of the
total number of recoil atoms may belong to this part of the spectrum.

Conclusion

The effect of the electron irradiation energy on the formation of radiation defects in
semiconductors was analyzed. It was shown that the main impact factor is the energy of
primary knocked-on atoms (PKAs). As the PKA energy increases, first, the average
distance between genetically related Frenkel pairs grows and, as a consequence, the
fraction of Frenkel pairs unrecombined under irradiation becomes larger. Second, it
becomes possible, with increasing PKA energy, that new, more complex secondary
radiation defects can be formed.
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CHAPTER 3

Radiation defects in SiC and their influence on
recombination processes

Abstract

Results from current studies of the parameters of radiation defects arising in 6H-, 4H-,
and 3C-SiC after irradiation by electrons, protons, neutrons and some kind of ions are
analyzed. Presented data on the ionization energy and capture cross sections of centers
formed by doping SiC with different types of charge particles or during irradiation, as
well as of intrinsic defects. The involvement of these centers in radiative and non-
radiative recombination is examined. The photoluminescence (PL) arising in n- and p-
type 4H-SiC upon electron irradiation (0.9 MeV) has been analyzed. A conclusion is
made that the PL is activated by donor—acceptor pairs constituted by a nitrogen atom
and a structural defect.

Keywords

Electrons, Protons, Neutrons, Ions, Intrinsic Defects, Lifetime Killer, Photoluminescence
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3.1 Introduction

The history of the development of SiC growth technology and devices on its basis can be
described as a fight against the existing crystal lattice defects, both macroscopic
(micropipes, dislocations, and inclusions of other polytypes) and microscopic (point
defects, background impurities, and complexes of these). The structural defects still affect
parameters of SiC devices, such as the mobility of carriers, their lifetime, and diffusion
length.

It has been found previously that the Si/C ratio varies between SiC polytypes: it decreases
with increasing degree of hexagonality, being 1.046, 1.022, and 1.001 for 3C, 6H, and 4H
polytypes, respectively [1]. The data on diffusion and solubility of impurities in various
silicon carbide polytypes, considered in [2], also pointed to different concentrations of
carbon vacancies (V). The explanation suggested by the authors for this dependence is
that, as the lattice strain grows with increasing concentration of carbon vacancies, bonds
between atoms in the cubic sites become more energetically favorable. And just this
circumstance leads to restructuring of the crystal and transformation of the polytype. The
authors of [2] also believed that most parts of V¢ are in an electrically inactive state.

The assumption that carbon vacancies are the main complex-forming defect of SiC was
also supported by the data of various authors, which suggested that V' are involved in the
formation of various centers and separate vacancies merge into stable clusters [3, 4].
Also, a good correlation was noted between the decrease in the concentration of carbon
vacancies with increasing percentage of hexagonality of the polytype and decreasing
background concentration of intrinsic defects in SiC [5].

The studies carried out during the last 10 - 15 years have confirmed the previous
assumption that V- play an important part in the formation of defects and defect
complexes in SiC and affect parameters of devices based on silicon carbide.
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3.2 Intrinsic defects in silicon carbide

Because intrinsic defects in the crystal lattice of SiC and the related deep levels in the
energy gap are frequently present in samples before their irradiation, or the
concentrations of these defects grow in the course of irradiation, we believe that it is
appropriate to begin the consideration of radiation defects by describing the most known
intrinsic defects.

3.2.1 Centers in the lower half of the energy gap

L-center. Deep centers (DCs) with ionization energy £, + 0.24 eV and 6, = 10" cm? (L-
centers) have been found in studies of 6H-SiC p-n structures produced by ion
implantation of Al (IL structures) [6]. The L-center was also found in p-n structures
produced by sublimation epitaxy (SE structures). In the implanted structures, its
concentration increased near the metallurgical boundary of the p-n junction; in samples of
other types, there was no noticeable distribution profile of L-centers.

The 1onization energy of the L-center was close to the ionization energy of Al, furnished
by other methods [7]. Later, analogs of L-centers were found in 4H-SiC produced by
sublimation [8] and 4H- and 6H-SiC formed by the CVD method [9, 10]. It was shown in
[7] that, as the concentration of Al is raised from 10'® to 10*! cm™, its ionization energy
decreases from 0.27 to 0.1 eV. The presence of "shallow" and "deep" aluminum has also
been found in other SiC polytypes [10, 11]. It has been shown that there exist two
separate centers, rather than a single center with two charge states. The structure of these
centers is not fully understood. Presumably, "deep" aluminum has the form of a complex
of an Al atom and a structural defect.

i-center. In addition to L-centers, a deep center in the lower half of the energy gap, i-
center, has been observed in the DLTS spectra of 6H-SiC IL structures [6]. The
ionization energy of the i-center was found to be within the range £, + (0.52 - 0.58) eV.
Structures similar to IL structures have been obtained on the basis of epitaxial 4H-SiC
films. Their DLTS spectrum was similar to the spectra of 6H-SiC IL samples, and an
analog of an i-center with E, + 0.53 eV was found in these samples [9, 12]. The fact that
the parameters of i-centers in 6H and 4H are close indicates that structures of these
centers are similar for the given polytypes. The distribution of i-centers in the base region
of a diode has been measured in IL structures based on 6H- and 4H-SiC [8]. The
extrapolation of the distribution profile of i-centers in 4H-SiC structures yielded a good
coincidence with the beginning of the profile in structures based on 6H-SiC, which
suggests that the distributions of i-centers in structures based on 4H- and 6H-SiC
coincide in nature. A comparison of the distribution profiles of i-centers and the N, - N,
profile obtained from C-U characteristics suggested that the distribution of compensating
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defects in the base coincides with the distribution of i-centers. Thus, the compensation of
the base region in IL structures is due to the increased concentration of deep acceptor
centers (i-centers) near the metallurgical boundary of the p-n junction. The acceptor
nature of the i-center is also confirmed by the carrier capture cross-section ratio (¢, >>
o,) for this DC. It was also found in [12] that the implantation of Al into the purest
epitaxial 4H-SiC layers gave rise to an S-shaped current-voltage characteristic, which
was attributed to the high concentration of i-centers.

In [12], the activation of the so-called "defect photoluminescence" (DPL) was attributed
to the formation of i-centers (see Section 3.5 for more detail). The fact that the DPL
appears in SiC polytypes upon their irradiation with various kinds of charged particles
gives reason to assume that the i-center is a complex mostly composed of intrinsic defects
of the crystal lattice of SiC, the concentration of which grows upon irradiation or
implantation. This assumption is in good agreement with the results of [13], where a
conclusion that a carbon vacancy is contained in the center activating the luminescence
was made on the basis of experiments on the thermal stability of defect
electroluminescence (DEL) in SiC crystals.

D-center. Although the D-center is not a purely structural defect (it presumably contains
a boron atom), it is a characteristic background center in 6H- and 4H-SiC grown by
various methods [6, 14, 15, 16 -19]. This center was first observed in a study of DLTS
spectra in SiC<B> structures and, together with i-centers, in a study of SE samples [6].
The fact that the values of ionization energy and o, are close for i- and D-centers resulted
in a superposition of their DLTS peaks in SE and IL structures. Therefore, the ionization
energy of DCs (E*") determined for structures of these types fluctuated within the range
0.52 eV < E; < 0.58 eV. A study of parameters of i- and D-centers at electric field
strengths in the range (1-7) 10° V/em did not reveal any noticeable dependence of the
ionization energies of these deep levels (DLs) on the electric field strength [20].

Although the ionization energy of the D-center exceeds that of the i-center by more than
10%, the hole capture cross-sections show the opposite relationship, with the result that
the recharging time constants of these centers are rather close at T = 300 K. The deeper
D-center is recharged at lower temperatures, and, therefore, the overall DLTS peak looks
like a peak from a single center (Fig. 3.1). The i-DLTS method has been used to divide
the signals from the DLs under consideration [21]. This method has a high resolving
capacity because of yielding, in fact, the first derivative of a DLTS spectrum. In addition,
the application of other temporal windows made it possible to move to the temperature
range in which the recharging time constants differ more strongly for the DLs being
observed. Figure 3.1 shows an i-DLTS spectrum of an SE structure, in which the signals
from the originally existing centers are well seen [20].
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Fig. 3.1. (a) DLTS and (b) i-DLTS spectra of an SE p-n structure with i- and D-centers.
Parameters of the spectra: (a) t; = 10 ms and t, = 30 ms, (b) t; = 0.1 ms and t, = 5 ms.
Adapted from [20].

Thus, according to [6, 20], both i- and D-centers exist in SE structures, and the ionization
energies of these centers are independent of the electric field strength in the space-charge
layer in the ranges of concentrations and reverse voltages under study. An application of
the method for resolution of DLTS signals to the structures under study demonstrated that
D-centers are predominant in SiC<B>, and i-centers, in IL structures. An additional
diffusion of boron into epitaxial ES layers before the p-n junction was formed also led to
predominance of D-centers. An analog of the D-center (£, + 0.54 e¢V) has been observed
in epitaxial 4H-SiC layers doped with boron in the course of growth [22].

The D-center is occasionally named "deep boron" because a shallower acceptor center (E,
+ 0.35 eV) exists in SiC<B>samples in addition to the D-center. The formation of two
kinds of levels that are not different charge states of the same center upon diffusion of
boron into SiC is apparently due to the complex nature of the diffusion distribution of B
in SiC. For example, it was suggested in [13] that boron atoms diffuse as associates with
intrinsic defects of the silicon carbide lattice. Later studies of the diffusion of boron from
implanted layers confirmed this point of view [14, 16-18]. According to [17, 18], B
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diffuses into SiC by the "kick-out" mechanism via silicon interstitial sites, as it occurs
when boron diffuses in silicon. It was shown that the diffusion mostly yields D-centers,
whereas mostly "shallow boron" is formed in doping with boron during the growth of
epitaxial layers. On the whole, it seems quite probable that the surface branch of the
diffusion distribution is due to shallow-boron centers, i.e., to boron atoms occupying sites
of the SiC crystal lattice. At the same time, the bulk branch is formed by boron +intrinsic
defect complexes. This standpoint has been confirmed by later studies [23, 24].

According to ESR data, a boron atom substituting Si (Bsi) corresponds to the structure of
the shallow boron center, and deep boron is a complex of a boron atom and a carbon
vacancy [25, 26]. It is noteworthy that the D-center is a level characteristic of SiC and it
has been found in the material grown by various methods [27].

It is also noteworthy that the D-center is an activator of the characteristic photo- and
electroluminescence in silicon carbide polytypes [28, 29], similarly to "deep aluminum"
(L-center) [30 and references therein]. The spectral position of the peak of these PL
depends on the energy gap width of a given polytype.

Other defects. A center near the midgap (£, + 1.41 eV) was observed in [9] in p-6H-SiC
and related to a intrinsic defect. SiC samples doped with Mn, V and irradiated with
neutrons were studied in [31]. A comparison of PL spectra and ESR data demonstrated a
deep acceptor associated with the appearance of a red PL. A study of lightly doped (&, -
N, =~ 10" cm™) n- and p-type 6H-SiC crystals grown by the CVD method revealed a set
of levels whose concentrations increased as the C/Si ratio became larger [32]. D-centers
were predominant in the p-type material; in addition, traps with energies E, + 0.64 eV
and £, + 1.3 eV were observed [33].

An acceptor DL with energy E. - 1.5 eV was found in a study of n-4H-SiC [34]. A study
of p-4H-SiC revealed a deep donor (£, + 1.49 eV) identified by the authors as a single
carbon vacancy (HK4 center).

3.2.2 Defects in the upper half of the energy gap
6H-SiC

R and S centers. A study of 6H-SiC Schottky diodes revealed two DCs, S center (E. -
0.35eV, 6, ~ 10" cm®) and R center (E, - 1.27 eV) (Fig. 3.2) [35]. The concentrations of
these levels, Nz and Ng, coincided to within 10-20% in all the samples under study. The
values of Ng and Ng (~10" cm™) were close to those in IL and SE p-n structures produced
on the basis of these epitaxial layers. Thus, it can be concluded that no significant change
in the concentrations of R and S centers occurred in fabrication of the p-n junction. It was
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shown in [36] that these centers are formed upon irradiation and ion implantation of 6H-
SiC.

0+

i 'l 1 L L )’l‘
1.8 1.9 2.0 2.7 2.2
w03r,x77

Fig. 3.2. Arrhenius dependences for the S and R centers [35].

A double center (£;\E;) (E. - 0.34 \ E. -0.41 eV) close in parameters to the S center was
observed first in Lely substrates [37] and then also in epitaxial layers grown by the CVD
method [38]. In [35], R and S centers were regarded as the main nonradiative
recombination centers (see Section 3.4). The structure of these centers was identified as
that of a complex of silicon vacancies on the basis of ESR data [39].

7Z1/72. One more double peak Z;/Z, (E. - 0.6....0.7 eV) was observed in [37]. Later, this
peak was also found in CVD-grown epitaxial layers [40]. Earlier, the ESR method was
employed to study several deep centers in 6H-SiC Lely substrates [41]. One of these
centers with energy of ~600 meV was associated with the V,-Vsi divacancy. In [42], an
assumption was made that this center corresponds to the Z;/Z, center found by the DLTS
method.
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4H-SiC

7, (Zy1). The background level Z; with energy E. - (0.63-0.68) eV is characteristic of 4H
SiC. This level has been observed in materials grown by various technological methods
[22, 43-45]. According to [43], the concentration of Z; falls with decreasing value of N, -
N, in an epitaxial layer. However, it is still present in lightly doped (N, =~ 10" cm™)
CVD-grown epitaxial layers. At the same value of N, - N,, its concentration is lower in
layers with high dislocation density. A rise in the concentration of the Z;, defect with
increasing oxygen of the nitrogen impurity was observed in [44].

It is known that 4H-SiC has the best parameters among the silicon carbide polytypes as
regards the fabrication of semiconductor devices. After the growth technology of 4H-SiC
substrates and epitaxial layers was mastered, a large number of studies concerned with
structural defects in this materials were carried out, including those in which properties of
the Z1 center were analyzed [45-50]. The interest in the properties of this center became
even more profound after it was found that it is a charge carrier killer in 4H-SiC [51-56]
(see Section 3.4).

Various authors assumed that the structure of the Z;, center has the form of various
combinations of structural defects - vacancies and interstitial atoms. The problem of the
structure of the given center was solved by using the method of irradiation with low-
energy electrons [45]. Different amounts of energy are required for defects to be formed
in silicon and carbon sublattices in SiC. If electrons with <200 keV energies are used,
defects are only formed in the carbon sublattice. Thus the rise in the concentration of the
Z,,, defect with increasing dose of irradiation with low-energy electrons demonstrated
that this center definitely contains V. A comparison of the results of DLTS and ESR
measurements on the same 4H-SiC samples subjected to different irradiation doss
demonstrated that the center is a single carbon vacancy in the charge state (2-/0) [49].
This conclusion agrees with the results obtained in reducing the concentration of the Z;,
defect in the course of oxidation [47], or implantation of C, Al. or Si [57]. These
technological processes result in that an excess amount of C atoms appears in SiC, and
these atoms recombine with V- thereby making lower the concentration of Z;,.

EHg7. A deeper center (E. - 1.5 eV) named EHg/; has been observed in 4H-SiC samples
in addition to the I center [45, 48, 58]. It has also been shown that the structure of the
EHg/; center contains a carbon vacancy [45, 48] and the given center is an acceptor [59].

In [60], an interesting analogy was drawn between the E;/E, and R centers in 6H-SiC and
Z,;,, and EHg/; centers in 4H-SiC. Both pairs of centers are intrinsic defects in SiC, their
concentrations increase upon irradiation and implantation, all these centers are not
annealed out up to temperatures of ~1500 °C and exhibit similar types of high-
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temperature annealing. In addition, the concentration of all the four centers substantially
decreased upon oxidation (Fig. 3.3).

—— before oxidation
---- after oxidation
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Fig. 3.3 DLTS spectra of n-type (a) 4H-SiC and (b) 6H-SiC before and after the thermal
oxidation at 1150 °C for 6 h. Before being oxidized, the samples were irradiated with
electrons (energy 150 keV, fluence 2 x 10" cm™) and annealed at 950 °C [60].

The authors of [60] suggested that, similarly to the Z;, and EHg/; levels in 4H-SiC, the
E/E; and R levels in 6H-SiC correspond to two charge states of a single carbon vacancy.
In this case, the position of the levels relative to the conduction band bottom will be
determined by the empirical Langer-Heinrich (LH) rule [61], which has been previously
suggested for III-V and II-VI compounds and successfully used to describe Ti levels in
SiC [22]. According to LH, the energy position of the levels related to this center is
invariable among isovalent semiconductor compounds relative to a certain common
energy level (e.g., valence band top). In other words, the mutual positions of levels in SiC
polytypes will remain constant relative to the E, level and be independent of the
parameters of a polytype. At the same time, the energy positions of the levels relative to
E. will be determined by the energy gap width of the given polytype (see Fig. 3.4).
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Fig. 3.4. Energy position in the energy gap of the thermally stable traps E/E, in n-6H-
SiC and Z,,, and EHg/; in n-4H-SiC [60)].

Background defects in 3C-SiC were studied in epitaxial layers grown on silicon
substrates [62, 63]. In [62], two centers were observed (SC; E. - 0.34 eV and SC, E. -
0.58 eV), with their DLTS peaks being hardly visible on the background of the complete
relaxation band. Bands of this kind could be due to the high density of bulk defects
(dislocations etc.). In eight years, the quality of epitaxial films was substantially
improved and this was reflected upon the DLTS spectrum reported in [63], in which
signals from separate levels are already well distinguishable. The authors of [63]
observed three DCs [T (E. - 0.32 eV), T, (E.- 0.52 eV), and T; (E. - 0.56 eV)], with the
shallowest of which being identified with the previously found SC;.

Only a single DL (E. - 0.62 eV), close in parameters to 75 and SC;, was found in 3C-SiC
epitaxial layers grown by sublimation epitaxy on a 6H-SiC substrate [64]. In [65], the
thermal stability of intrinsic defects in 3C-SiC crystals commercially manufactured by
HOYA company was studied. A shallower level (E. - 0.14 eV) annealed at temperatures
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of ~1500°C was found in addition to two DCs that are close in parameters to SC; and SC,.
Based on the activation energy of annealing and on the known theoretical models, the

authors of [65] suggested that this DL is associated with a silicon vacancy.

Parameters of main intrinsic defects in SiC are shown in tables 3.1 and 3.2.

Table 3.1 Parameters of main structural defects in 6H SiC.

Centre Energy position, | structure Participation in recombination
eV processes
S (E/Ep) Ec - 0,45 Vc
R Ec-1,25 Vc Life time killer
D (“deep boron™) Ev +0,58 B+ Vc(?) | CA* recombination hv~2,1 eV
1 —centre Ev+0,5 ? DAP** recombination hv ~ 2,3 eV
L (“deep aluminium”) | Ev + 0,24 Al+ Vc (?) | DAP and CA recombination hv ~
2,5-2,7 eV

Table 3.2 Parameters of main structural defects in 4H SiC.

Centre Energy position, | structure Participation in recombination
eV processes
Z1n Ec - 0,68 Ve Life time killer
E ¢7 Ec -1,48 Ve
D (“deep boron™) Ev + 0,56 B+ Vc(?) | CA recombination hv ~2.3 eV
1 —centre Ev+0,5 ? DAP recombination hv ~ 2,5 eV
“deep aluminium” Ev+0,23 Al+Vc (?) | DAP and CA recombination hv ~
2,7-29

*) Recombination between C-zone and acceptor level

**) Donor- acceptor pair recombination
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3.3 Radiation doping of SiC

It is known that the energy released in deceleration of a particle or an ion in a
semiconductor results in that atoms are shifted from their equilibrium positions, i.e.,
structural (radiation) defects are formed. Being disruptions of the periodic structure of a
crystal, these defects create allowed states within the energy gap of the semiconductor
(deep levels). This section briefly reviews the results obtained in studies of parameters of
deep levels that appear in SiC under irradiation with various particles.

3.3.1 Electrons

6H-SiC. A study of n-6H-SiC irradiated with 3.5 - 4 MeV electrons revealed defects in
the upper half of the energy gap, with energies of 0.35, 0.6, and 1.1 eV [66]. All these
defects are eliminated by annealing below temperatures of ~1300 K. According to their
ionization energies, these defects can be identified as native defects: S center, Z,/Z,, and
center at Ec - 1.06 eV. In a later study, these experiments were repeated by using
irradiation with 2 MeV electrons [67]. In addition to an increase in the concentration of
the background defects E|/E, and Z,/Z,, a new center was observed: Es/E4 at Ec - 0.57
eV. A similar increase in the concentration of the S center (E,/E,) was observed for
CVD-grown epitaxial layers upon their irradiation with 2 MeV electrons [38]. In
addition, a center was observed at Ec - 0.51 eV, which was eliminated by annealing
already at temperatures of ~800 °C. In [68], n-6H-SiC epitaxial layers were irradiated
with electrons having energies of 0.2, 0.3, 0.5, and 1.7 MeV. The appearance of radiation
defects was recorded only upon irradiation with electrons having energies of > 0.5 MeV.
In addition to the structural defects E,/E, and Z,/Z,, traps with energies Ec - 0.23, Ec -
0.32, and Ec - 0.5 eV appeared, which were eliminated by annealing even at temperatures
of 300 °C.

Two traps were observed at Ev + 0.36 and Ev + 0.81 eV upon low-energy (0.4 MeV)
irradiation of p-6H-SiC with electrons, with these defects being eliminated by annealing
at 500 and 350 °C, respectively [69]. A new center appeared at Ev + 0.74 eV upon
annealing at 500 °C and disappeared upon annealing at 900 °C. Two more traps were
formed at Ev + 0.56 and Ev + 0.81 eV upon annealing at 700 °C and disappeared upon
annealing at 900 °C. A center at Ev + 0.71 eV appeared upon annealing at 1400 °C and
was preserved up to annealing temperatures of 1600 °C. At this temperature, all the
discovered centers were fully eliminated by annealing. Upon irradiation with 1 MeV
electrons, two centers were observed, in addition to the D center, at Ev + 0.52 and Ev +
0.24 eV (presumably 1 and L-centers), which were stable up to being annealed at 1800 °C,
and also centers at Ev + 0.48 and Ev + 1.2 eV, which were eliminated by annealing at
400 and 1000 °C, respectively. Upon irradiation of p-6H-SiC with 1.7 MeV electrons,
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two deep centers were found at Ev + 0.55 and Ev + 0.78 eV. Both these DCs were
eliminated at temperatures of 200-500 °C.

4H-SiC. As already noted in the previous section, the structure of Z, and EH¢/EH;
centers was identified by using a low-energy electron irradiation in which defects are
only created in the carbon sublattice. In [45], an increase in the concentration of only Z,
and EH¢/EH; centers was observed upon irradiation with 116 keV electrons. These
centers were eliminated by annealing only at temperatures of 1600-1700 °C. A conclusion
was made on the basis of the results obtained that these centers have a similar structure
and contain a carbon vacancy. After n-4H-SiC CVD structures were irradiated with
electrons having energies in the range 2-2.5 MeV. The formation of quite a number of
defects was observed in addition to an increase in the concentration of the background
level Z;: EH; (Ec - 0.45 ¢V), EH, (Ec - 0.68 ¢V), EH, (Ec - 0.72 ¢V), EH;s (Ec - 1.15 eV),
and EH¢/EH; (Ec - 1.65 eV) [21, 71-73]. Most of these centers also appeared upon
implantation of He and some other ions [22]. In [22], several measurement procedures
were used to examine in detail the EH¢/EH, center. It was shown that the center is
constituted by two levels with close ionization energies. It is noteworthy that the paired
values of the ionization energies are a characteristic feature of SiC, which is apparently
due to the existence of several nonequivalent positions in its crystal lattice. In [74, 75],
the effect of irradiation with 6 and 8.6 MeV electrons, respectively, was studied. In [74],
the influence exerted by the technological conditions in which the epitaxial layers were
grown (growth rate, C/Si ratio, and nitrogen concentration) on the subsequent formation
of Z, and EH¢/EH; centers under irradiation was additionally analyzed. In [75], annealing
of some radiation defects (Ec - 0.39 eV) at temperatures of 60 — 140 °C and an increase in
the concentration of the structural defect Z, at annealing temperatures of 100 — 170 °C
was observed by analogy with 6H-SiC. An EPR study of the irradiated material
demonstrated that the signal associated with the carbon vacancy is preserved up to
annealing temperatures of > 1600 °C [76].

The properties of radiation defects in p-4H-SiC were also studied by irradiation with low-
energy (160 - 400 keV) electrons [77-79]. In [77], several DCs, including the D center,
were observed in as-grown samples. A reactive ion milling of the samples, followed by
annealing at 1150 °C, gave rise to two centers at Ev + 0.79 and Ev + 0.84 eV. Upon
irradiation with 160 - 400 keV electrons, two new centers appeared in all the samples at
Ev +0.98 and Ev + 1.44 eV. After the annealing at 950 °C, these centers were eliminated
and the concentration of the center at Ev + 1.44 eV increased. In the case of an electron
irradiation with energies exceeding 160 keV, followed by annealing at 950 °C, centers
with energies Ev + 0.3, Ev + 0.58, and Ev + 1.44 eV were observed. All the DCs, with
the exception of the D center, were eliminated by annealing at 1550 °C. The authors of
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[77] concluded that all the DCs they observed are complexes that include a structural
defect associated with the displacement of a carbon atom. In [79], several centers were
observed at energies Ev + 0.21....0.29 eV upon irradiation. After p-4H-SiC was
irradiated with 4.6 MeV electrons, the concentration of the DC at Ev + 0.2 eV, attributed
by the authors to an Al impurity [80], decreased. The concentration of another center of
unknown nature at Ev + 0.2 eV remained unchanged. In [81], p-4H-SiC irradiated with
2.5 MeV electrons was studied by the method of electron spin resonance with
photoexcitation (photo-ESR). The photo-ESR data obtained for the positively charged
carbon vacancy (V¢') can be accounted for in terms of the model of a deep donor with
charge state (+/0), which gives rise to a level with energy of (1.47 £ 0.06) eV.

3.3.2 Neutrons

A number of DCS were also observed upon irradiation of SiC with neutrons [82, 83] (Ec
-- 0.5, Ec - 0.24, and Ec - 0.13 eV). It was shown that p-SiC subjected to neutron
irradiation exhibits a week electronic conduction before being annealed [84]. A high-dose
neutron irradiation (~10*' cm?) led to amorphization of 6H-SiC and 15R-SiC samples. An
annealing of the amorphized samples led to formation of inclusions of the 3C-SiC
polytype [85]. Several later studies concerned with the effect of neutron irradiation on the
properties of SiC are known [86, 87]. Mostly the influence exerted by the irradiation of
this kind on the current-voltage characteristics of devices was analyzed. It was reported
that the carrier removal rate for SiC is about 4.5/carrier/cm’ /neutron/cmz, which 1is
approximately three times smaller than the value for silicon [88]. A deep center at Ec -
0.49 eV was observed upon irradiation of 3C-SiC. This center was eliminated by
annealing at 350°C [89]. The carrier removal rate was found to be 7.2 cm™, which is close
to the value of 7.8 cm™, obtained for Si irradiated with the same neutron spectrum.
According to the results of an EPR study of the irradiated and annealed 6H-SiC [90], only
the model of a defect constituted by an interstitial carbon and a carbon vacancy (Cg;-Vc)
in the twice positively charged state can account for all the experimental results. It was
suggested in [90] that this defect is formed from an isolated silicon vacancy that appears
under annealing via displacement of a neighboring carbon atom toward the vacancy. A
conclusion was made in [91] that a complex defect stable at high temperatures appears in
6H-SiC heavily irradiated with neutrons and annealed at 1500 °C. It was suggested that
this complex may include four vacancies V-3V bound to interstitial atoms (C2)g; or to
a pair of two interstices (C2)s;-Sic.

Separate mention can be made of studies in which a homogeneously doped SiC was
obtained via its irradiation with thermal neutrons (see [92] and references therein). In the
course of irradiation, the following nuclear reaction occurs:

printed on 2/13/2023 2:53 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Radiation Effects in Silicon Carbide

Si +n — *'Si — (B decay, Ty,=2.62 h) *'P.
where T, is the half-life of >'Si.

The radiation defects introduced in the process are further eliminated by annealing. This
technology is used to fabricate silicon-based power devices. One of problems
encountered in its application is the low content of the *°Si isotope (~3%) in natural
silicon. In [92], silicon carbide was grown from a source enriched with the *’Si isotope to
~99%. As result, Nd - Na concentrations of ~10" cm™ were reached. Also, the EPR
signal from donor phosphorus levels was studied in detail in relation to the annealing
temperature of the samples.

3.3.3 Alpha - particles

It was reported in [40] that irradiation of n- and p-type 6H-SiC with a-particles leads only
to an increase in the concentration of the already existing background defects. A
conclusion was made that the radiation hardness of SiC compares well with that of InP,
another radiation-hard semiconductor. The effect of a-particles on n-4H-SiC was studied
in [46]. It was found that the background structural defect Z,, which is a carbon vacancy,
was transformed into a Z,/Z, center, which contains a silicon atom in addition to V.

3.3.4 Protons

In [93], n-4H-SiC was irradiated with 1.2 MeV protons and 15 MeV electrons. On being
irradiated, the samples were annealed at temperature in the range 100-1200 °C with a step
of 50 °C. In addition to those known from the literature, three new RDs were observed in
proton-irradiated samples: Ec - 0.69, EC - 0.73, and Ec - 1.03 eV. Having compared the
results obtained in experimental studies of the distribution profiles of these centers with
those furnished by theoretical calculations of the distribution of the implantation-induced
defects, the authors of [93] came to a conclusion that all the defects observed in the study
contain hydrogen atoms.

The DCs formed in n-type 4H-SiC and 6H-SiC upon irradiation with 8 MeV protons
were studied in detail in [94-97]. The parameters of these centers were close to those of
the centers previously observed in electron-irradiated SiC (Tables 3.3 and 3.4). A
comparison with the EPR data demonstrated that the centers are either carbon vacancies
[Ec - 0.5 eV (6H-SiC); Ec - 0.63-0.7 eV (4H-SiC)] or a pair of vacancies in the carbon
and silicon sublattices. The different thermal ionization energies at the same supposed
structure (Vs; + V) can be presumably accounted for by the different distances between
the components (vacancies) of the pairs, characteristic of each of these RDs. Similar
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results have been obtained in a study by positron spectroscopy of 6H-SiC irradiated with
low-energy protons [98]. It was found that the irradiation yields various types of Vg; + V¢
divacancies and also separate vacancies eliminated by annealing at temperatures of ~900
°C [98]. It was also assumed that one of the divacancies is responsible for the DC near the
midgap [97]. At the same time, it was reported in [99] that only silicon monovacancies
eliminated by annealing at 1100 °C were found in n-6H- and 4H-SiC irradiated with 12
MeV protons. A study by positron spectroscopy of 6H-SiC originally doped with
aluminum and nitrogen and irradiated with 12 MeV protons demonstrated that vacancy-
related defects were also present in the samples prior to irradiation [100]. A negatively
charged silicon vacancy was observed in the samples before and after the irradiation. The
neutral divacancy Vg; + V¢ was formed upon irradiation and served as a predominant

Table 3.3. RDs observed in 6H-SiC after different type of irradiation.

n-type 6H-SiC
Energy position | Electron Neutron | Proton Structural Possible
of observed RDs, | irradiation Irradiation irradiation defects structure
,eV [38,66-68, [82-88] [94-101,
165] 107]
Ec-(0.16-0.2) + + + Primary defects [107
Ec -0.36/0.4 + + + E\/E; [44] S [35] Vsi-complex [39]
Ec-0.5 + + + Ve [66,107]
Ec -0.7 + + + Z7,\/Z, [44] V¢ + Vsi [44,107]
Ec-0.8 + +
Ec—(1.1-1.22) |+ + R [35] Ve + Vsi [70,90]
p-type 6H-SiC
Energy position | Electron Structural Structural
of observed RDs, | irradiation
oV [69] defects defects
Ev+0.24 + L —centre Al+ Ve (?) [6-11]
Ev+0.36 +
Ev+0.56 + D-centre B+ Vc (?)[6,14-21]
Ev+0.71 +
Ev+0.81 +
Ev+1,2 +
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positron trap at room temperature. In addition, various types of ionic defects were
detected. One of these acts as a strong trapping center even at room temperature. In [101],
data obtained in studies of n-6H-SiC irradiated with protons having various energies were
analyzed. It was shown that R-centers (Ec - 1.1 eV) have the highest introduction rates of
0.17, 70, and 700 cm™ for, respectively, protons with energies of 1 GeV, 8 MeV, and 150
keV.

Table 3.4. RDs observed in 4H-SiC after different type of irradiation

n-type 4H-SiC

Energy position | Electron a- Proton Structural Possible
of observed RDs, | irradiation | particles | irradiation defects structure
,eV [21-22,45 [46] [93-99,
71-76,] 107]

Ec-0,18 + + E-0.18+0.2 [43] | Primary defects [107]
Ec-0.45 + + Vacancy-+impurity[70]
Ec —(0.63-0,7) + + + 7, [44] Ve [56,107]
Ec -0.96 + + } Ve + Vsi [107]
Ec-1. + + -

c-1.0 Ec-1.1 eV [43] Ve + 7 [45.48]
Ec—-1.5 + + EHe/7 [45,48,58]

p-type 4H-SiC

Energy position of| Electron irradiation | Proton Structural | Possible
observed RDs, eV [77-81] irradiation defects structure

[94-98]
Ev+0,2....029 |+ + L-centre Al +? [80]
Ev+0.55 + + D-Centre | B+ Vc (?) [6,14-21]
Ev+0.63...0.7 + + Ve + Vsi [98]
Ev+0.79 + +
Ev +0.98 + +
Ev+1.44 + + Ve [81]

The possibility of performing a protonic (hydrogen) passivation of silicon carbide has
been studied [102 - 106]. It was shown that the room-temperature resistivity of n-4H-SiC
exceeded 8 x 10° Q cm upon irradiation with 350 keV protons at a dose of 1 10" cm™
[106]. As the sample was heated, its resistance rapidly decreased. Irradiation with § MeV
protons also led to an increase in the dc electrical resistance (Rb) of SiC structures at
room temperature. In contrast to 6H-SiC, 4H-SiC exhibited a decrease, rather than an
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increase, in the total concentration of uncompensated donors in proton-irradiated
samples. This shows that, under irradiation, acceptor centers were formed in the lower
half of the energy gap, or donor centers were disintegrated in its upper half. In addition,
the irradiation resulted in that deep acceptor centers were formed, to which electrons
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passed from shallower donor levels.

Under heating, Rb decreased exponentially with activation energy €, (Fig. 3.5). With
increasing irradiation dose, €, increased and asymptotically approached the value of ~1.1
eV for 6H-SiC and 1.25 eV for 4H-SiC [107]. This resulted in that n-6H-SiC layers semi-
insulating at room temperature were obtained. Layers of this kind can be used in the
technology of devices that are not intended for operation at high temperatures, e.g.,

photodetectors or various radiation detectors.

Fig. 3.5. (A) 6H-SiC, ¢, vs. irradiation dose for (1) CREE p-n structure and (2) Schottky
diode based on an epitaxial layer grown by sublimation epitaxy. (B) 4H-SiC, €, vs.
irradiation dose for a Schottky diode based on an epitaxial layer grown by sublimation

epitaxy [107].
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In [108], the effect of irradiation with 5 MeV protons (at a dose of 10'' ¢cm™) on 4H-SiC
p-n diodes was studied. The presence of a p-n junction enabled the authors to examine
RDs formed in both the lower and upper halves of the energy gap of n-6H-Si1C. Ten traps
were found, which mostly coincided in their parameters with the previously observed
RDs and structural defects.

3.3.5 Ion implantation

The ion-implantation technology is rather widely used in development of device
structures based on silicon carbide. Doping with nitrogen and aluminum is used to create
heavily doped regions in n- and p-type SiC, respectively. The implantation of argon is
used to create high-resistivity regions on the periphery of the working regions of
Schottky diodes. There also exist more exotic applications of the ion implantation
method, e.g., for creating SiC-AIN solid solutions. Apparently, the deceleration of ions
gives rise to defects in the crystal lattice. In the post-implantation annealing, these defects
interact with impurity atoms to give defect complexes. Previously, we already mentioned
some of the studies concerned with RDs in SiC samples subjected to implantation.
Below, we consider several recent relevant publications.

In [109, 110], the DLTS method was used to study RD parameters upon implantation of
N, P, and Al ions into n- and p-4H-SiC. Also, the effect of the post-implantation
annealing on the parameters of the deep centers found in the study was examined. Z;,,
and EHg/; centers were predominant in the as-grown 4H-SiC. After the implantation and
annealing at 1000 °C, at least seven new RDs were observed. Only Z,, and EHg/; centers
remained upon a high-temperature annealing at 1700 °C. In the p-type material, D and
HK 4 (Ev + 1.4 eV) centers were predominant prior to implantation. After the
implantation and annealing at 1000°C, two more levels were recorded at Ev + 0.35 and
Ev + 0.7 eV. After the annealing at 1700°C, two more RDs were found at Ev + 0.72 and
Ev + 1.3 eV in all p-type samples, in addition to D and HK 4. Depth analyses have
revealed that the major deep levels are generated at larger depth as compared with the
implantation profile. In [110], the same research team studied the influence exerted by
oxidation on the concentrations of the most thermally stable RDs appearing upon
implantation of N, P, and Al ions. It was shown that the oxidation of n-4H-SiC at 1150 °C
strongly reduced the concentrations of Z,, and EHg;. However, the HK 4 center was
preserved in p-4H-SiC and a new RD (IP4) appeared at Ev + 0.72 eV. The concentration
of IP4 could be reduced by annealing of the samples in the atmosphere of argon at 1400
°C. These phenomena can be accounted for in terms of the model in which excess
interstitials are generated at the interface being oxidized and diffuse into the bulk region.
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In [111], germanium-implanted n-4H-SiC samples were studied. It has been shown
previously that the introduction of this isovalent impurity in the course of the CVD
growth of SiC leads to a decrease in the resistance of the epitaxial layers due to the rise in
the carrier mobility [112]. It was found that the joint implantation of Ge and Ar leads to a
higher concentration of structural defects in SiC. It was unexpectedly found that an
increase in the concentration of "*Ge resulted in a decrease in the concentration of Z, n. In
this case, a DLTS signal was recorded from a new RD with ionization energy Ec - 0.79
eV. This decrease in the concentration of the Z;, center was not observed upon
implantation of Ar, which creates disruptions in the SiC crystal lattice that are similar to
those in implantation of Ge. The authors of [111] suggested that Ge atoms create local
stresses in the crystal lattice of silicon carbide and these stresses serve as getters for
carbon vacancies.

In a recent publication [113], the method of electrically detected magnetic resonance was
used to study silicon carbide samples upon ion implantation of nitrogen atoms. The
presence of a stable complex Nc-Vsi (nitrogen atom at carbon site + silicon vacancy) was
found experimentally and confirmed by a theoretical simulation.

In [114], the temperature dependence of the amorphization process of 3C-SiC in
implantation of argon ions. It was found that this process has a number of specific
features at temperatures exceeding 200 °C. The authors attributed these features to the
high-temperature interaction of the defects being formed.

It can be noted in the end of this section that the observed diversity of parameters of the
centers formed in silicon carbide under irradiation and subsequent annealing may be due
to the following two reasons. First, this may be due to the difference in the concentration
and type of background impurities contained prior to irradiation in samples grown in
various technological installations. The interaction of these impurity atoms with
structural defects formed under irradiation creates complexes that may have various
ionization energies and carrier-capture cross-sections. Second, the presence of several
nonequivalent positions for atoms in the crystal lattice of SiC may give rise to centers
with close parameters, i.e., to the "paired nature" characteristic of silicon carbide. At
various ratios between the concentrations of these centers, the total energy found from,
e.g., a DLTS spectrum may vary. It should be noted that the problem of the influence
exerted by the nonequivalent positions in the SiC lattice on the ionization energies of
impurity and defect centers has not been studied to the full extent so far.

Despite the certain diversity of the results presented in this section, two important
conclusions can be made.
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(1) The most characteristic structural defect of SiC is the carbon vacancy V¢, with which
the main recombination centers S (E;,;) and R in 6H-SiC and Z,/, and EHg/; in 4H-SiC are
associated. The concentrations of V. and the related DCs grow upon all kinds of
irradiation.

(2) Upon irradiation of SiC at room temperature, the annealing and reconstruction of the
RDs being formed begins at temperatures of ~500 °C. All kinds of RDs are fully
eliminated by annealing at 1600°C and above. Hence follows the conclusion that the RDs
formed in SiC at room temperature are primary radiation defects.

3.4 Radiation defects and nonradiation recombination in SiC

It has been found previously [115, 116] that the lifetime of holes in n-SiC falls within the
range from 107 to 10 s, and their diffusion length, within the range 0.01-1 pm.
Apparently, the main recombination in SiC as an indirect-gap semiconductor involves
deep levels (DLs). However, no centers that could determine such a short lifetime have
been found.

In [117, 118], the temperature dependence of the diffusion length of holes in n-6H and
4H-SiC layers produced by various technological methods was studied. It was found that
the diffusion length (Lp) grows with increasing temperature. This dependence Lp = f(T)
can be accounted for either by the involvement in the recombination of sufficiently
shallow levels, or by the negative temperature dependence of the cross-section of carrier
capture by a deep recombination center.

In [119], an analysis of current-voltage characteristics and values of Lp in 6H-SiC p-n
structures led to a conclusion that the main nonradiative recombination involves multiple-
charge centers whose parameters vary between structures produced by different
technologies. However, these centers were not found in experiments. It was suggested in
[120] that vanadium is the main nonradiative recombination center in SiC. This
conclusion was based on the inversely proportional relationship between the intensity of
AI-N DAP recombination and the intensity of luminescence associated with the
intracenter transition in the vanadium center. This means that the intensity of the donor-
acceptor recombination is quenched as the concentration of V increases. In our opinion,
this proof is not definitive because the DAP recombination intensity is affected not only
by the carrier lifetime, but also by a large number of widely diverse factors. These
include, among other things, the concentration of centers included in a DAP, which was
not determined in any way by the authors of [120].

In [35, 121], the recombination characteristics of minority carriers and DC parameters in
6H-SiC p-n structures grown by various methods were subjected to a comprehensive
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analysis. A processing of the experimental data demonstrated that the relaxation lifetime
of minority carriers (t,) 1s within the range 2-30 ns. The diffusion length of minority
carriers for SE p-n structures with various background doping levels was found to be 1.5
- 0.05 pm.

The supposed lifetime was calculated with consideration for the parameters of the DLs
observed. The results obtained in lifetime calculations demonstrated that the only level
whose parameters can account for the experimentally observed lifetime is the S DL. An
approximately an order of magnitude larger value of 1, was obtained in a calculation
made with consideration for the parameters of the R-center, the concentrations of the R
and S centers being the same in structures of both types. An analysis of how 1, and Lp2
depend at room temperature on the concentration of S and R DLs demonstrated that these
quantities are in an inversely proportional relationship.

The experimentally observed temperature dependence of Lp could be only accounted by
the parameters of the shallower S-center. It has been suggested that a double-charge R-S
center can exist, which determines the recombination parameters of both kinds of 6H-SiC
p-n structures under study. After the CVD technique for growth of epitaxial SiC layers
was fully developed, the recombination characteristics were also studied in samples of
this type [122, 123]. The results of a kinetic study of the low-temperature PL were used
to estimate the carrier lifetime at 0.45 ps, which substantially exceeds the values in SiC
epitaxial layers grown by other methods. Also, S and R DLs were found in CVD-grown
6H-SiC layers, with their concentration being one to two orders of magnitude lower than
that in SE structures [22].

1077 |
\\\ - o 1
L ] ~
1078 hN 2
\ [
~
e N
E %
el = <
m; 107 . . -
~ S
\\
b
10-10 | * .\\o
~
N
L ]
1012 1013 1014 1013 1016
Ng, cm™

Fig. 3.6. Dependence of the squared diffusion length of holes in 6H-SiC samples on the
concentration of the R-center: (1) after irradiation and annealing, (2) unirradiated [96].
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Figure 3.6 shows the dependence of Lp on the concentration of S and R DLs, taken from
[96] and supplemented with the data we obtained in studies of CVD-grown samples and
the highest purity (~10" c¢m™) SE samples. It can be seen from the figure that the
inversely proportional dependence of Lp on the concentration of the levels i1s preserved
for all three kinds of samples. Thus, these centers are presently the most probable
candidates for the role of "lifetime killers" in 6H-SiC.

It was found for 4H-SiC that Lp and 1, strongly depend on the injection level and vary
from 2 um and 15 ns (low injection level) to 6-10 um and 140-400 ns (high injection
level), respectively [124]. Later, it was shown that 7, values obtained by various
measurement methods may be strongly different. A possible reason is the thin layer at the
interface between the lightly doped N-base of the diode and the heavily doped P+ emitter.
This layer can accumulate structural defects that appear because of the lattice mismatch
between the lightly and heavily doped SiC layers. This leads to substantially smaller
values of 1, in this layer, compared with the rest of the base. Depending on the
measurement procedure, the values obtained for T, may correspond to this layer, or to the
bulk of the base region [125]. It has been shown that the 1, values better corresponding to
the switching characteristics of devices can be obtained by using the procedure suggested
by B. Gossik [126]. The values presently obtained for epitaxial SiC layers produced by
the CVD method exceed 10 s [127]. It was found that annealing of n-4H-SiC samples at
a temperature of 2600 °C leads to an increase in the hole lifetime from <10 ns to 3 ms.
The authors of [127] found that the lifetime increases simultaneously with the decrease in
the concentration of the Z,, DL, which made it possible to recognize this center as the
main "lifetime killer" in 4H-SiC. This conclusion was confirmed by various studies
carried out with various measurement procedures [128, 129]. In [49, 50, 130, 131],
experiments with implantation of carbon into 4H-SiC led to a conclusion that the Z,, DL
is associated with the carbon vacancy in the crystal lattice in 4H-SiC. Thus, it became
clear that the lifetime can be made longer via introduction into SiC of atoms that
recombine with V¢ and thereby reduce the concentration of Z,,, centers. This conclusion
was confirmed in experiments with oxidation of SiC [48] and implantation of C, Si, and
Al ions [57, 132]. It has also been shown that, when present in concentrations lower than
10" cm'3, the Z,, center ceases to affect the experimentally measured lifetime (which
corresponds to T, = 10°-107 s) (Fig. 3.7) [133]. Presumably, the key influence is exerted
under the given conditions by recombination processes involving other DLs, or by the
surface recombination.
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Fig. 3.7. Dependence of the lifetime on the concentration of Z;,, centers in 4H-SiC [133].

To conclude this section, it can be noted the main recombination centers in 4H- and 6H-
SiC were identified and their structure and methods for both reducing and raising their
concentration were determined, which is highly important for development of devices
based on silicon carbide. Obtaining significant diffusion lengths of minority carriers
made it possible to modulate the resistance of power SiC devices with thick base regions,
and also to improve the charge collection (sensitivity) of UV photodetectors and nuclear
detectors. The observed increase in the concentration of recombination centers in the
course of SiC irradiation enables control over t, and even fabrication of regions with
different lifetimes in the same device.
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3.5 Radiation — stimulated photoluminescence in SiC

3.5.1 “Defect” photoluminescence

The short-wavelength luminescence in the energy range 2.6-2.3 eV was discovered in
1966 [135] in n-SiC (6H) crystals irradiated with K and Li ions and then annealed. The
luminescence spectrum was constituted by two triplets of narrow lines (H- and L-lines)
situated near energies of 2.6 eV and a broad structureless band peaked at 2.35 eV. Later,
it was found that this photoluminescence (PL) appears after SiC is irradiated with
electrons or neutrons and also may be present in the spectrum of unirradiated samples
(see review [30] and references therein). It was found in [136,137] that the broad band is
not formed via development of a fine structure, being due to the radiative recombination
involving the donor level of nitrogen and an acceptor center that appears in the course of
implantation. In [138], the structure of the H - and L-lines and their temperature
dependences were studied in detail and the spectrum itself was named "D1 spectrum."

The D1 spectrum was recorded in SiC upon its irradiation with electrons [140], neutrons
[141], and various kinds of ions [136], which made it possible to form on the basis of 6H-
SiC ion-doped with Al and Ga effective LEDs emitting light in the green spectral range.

In other SiC polytypes, the irradiation gave rise to luminescence with similar properties
[136, 144] (Figure 3.8). In this case, the PL peak position was shifted relative to that in
6H-SiC to shorter wavelengths (for the broader bandgap polytype) or to longer
wavelength (for the narrower gap polytype) by an amount approximately equal to the
difference between the energy gap widths of a given polytype and 6H-SiC. Because a
luminescence of this kind appears as a result of irradiation or upon introduction of
various kinds of ions into SiC, it was assumed that the center activating the luminescence
either has a purely defect structure [144], or is a complex constituted by a native defect
and an atom of a background impurity [145]. However, no deep centers (DCs) associated
with this defect were observed.

Later, a certain terminological confusion occurred in the opinion of the authors [12],
because only H- and L-lines and their phonon replicas were understood as the DI
spectrum in some reports [137, 138, 145], and in others [146, 147], this name was
extended to include the whole spectrum of this luminescence. As a result, part of authors
attributed to this mechanism the whole spectrum observed in [135] after it was shown
that the H- and L-lines can be accounted for by the recombination of a bound exciton. In
the opinion of the authors of [12], this is incorrect because of coming into contradiction
with the earlier obtained results [136-137].
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Fig. 3.8. PL spectra of n-4H-SiC before (curve 1) and after electron irradiation. The
curves correspond to different irradiation doses (the curve number is followed by the
corresponding irradiation dose in parentheses in units of 10" em?): 2 (1), 3 (1.5), 4
(2.5), 5(3.5), 6 (5), 7 (6.5), and 8 (8) [148].

It was suggested in [12] to leave the term "D1 spectrum" for the short-wavelength part of
the spectrum observed in [135] (H- and L-lines) and to name the long-wavelength part of
the given spectrum (broad structureless band) the "defect-related" photoluminescence
(DPL).
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Possibly, both the DPL and D1 spectrum are due to the carrier recombination involving
DCs of similar nature (or even DCs of the same type); however, particular emission
mechanisms may be different for both parts of the spectrum.

An analysis of the DPL characteristics in terms of various recombination mechanisms
was made in [12]. It was found that the DPL peak shifts with increasing forward current
J to shorter wavelengths, the DPL relaxation is nonexponential, and the DPL peak shifts
to longer wavelengths as the recording time increases after the injection pulse ends. All
the above specific features of the DPL are characteristic indications of the donor-acceptor
recombination mechanism [149].

The analysis made in [12] led the authors to conclude that the main recombination occurs
via a DAP constituted by an i-center and a nitrogen level. Calculations performed in
terms of this model with consideration for the parameters of the centers and p-n structures
were in good agreement with the experiment, which, however, leaves open the possibility
that a bound exciton is formed at the i-center. The optical lines due to this exciton will lie
in another spectral range. In addition, the presence of nonequivalent positions in the
crystal lattice of SiC for both donor and acceptor centers may result in the formation of
several DAPs with close parameters, each of these contributing to the overall spectrum.

The spectral position of the DPL peak can also be accounted for by the radiative
transition of an electron from the conduction band to an i-center with consideration for
the Frank-Condon effect. However, this model fails to explain he strong quenching of the
DPL at below-room temperatures. This is so because, according to the depth at which the
level related to the i-center lies, the noticeable thermal ionization of this center will begin
at temperatures higher than 300 K. Thus, the dependences of the DPL intensity on the
excitation level and temperature, considered in [12], also supported the model suggested
in [136-137], according to which the recombination occurs via an i-center-nitrogen DAP.

The DPL characteristics were further studied in [148]. The dependence of the DPL
intensity on the electron irradiation dose was examined experimentally and theoretically
in samples with various nitrogen concentrations. The 4H-SiC silicon carbide samples
under study had the form of 50-pum-thick epitaxial films grown by the CVD method. The
samples were grown on conducting substrates with (0001)Si orientation, manufactured by
CREE company. The concentrations of uncompensated acceptor (donor) concentrations
Na-Nd (Nd-Na) in the unirradiated samples were found from capacitance-voltage (C-U)
characteristics. The irradiation with 0.9 MeV electrons was performed on a resonant
transformer accelerator (pulse repetition frequency 490 Hz, pulse width 330 ps, duty
cycle ~6) on a target cooled with running water. The electron beam was extracted into air
through an exit window closed with a thin (~50 pm) titanium foil. Under these
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conditions, the monochromaticity of the electron beam was not worse than 10%. The
average electron beam current density was 12.5 pA cm™ The irradiation dose was
measured by the method of Faraday's local cylinders. The range of 0.9 MeV electrons is
1.0 mm in SiC. The defects can be considered to be introduced under irradiation
uniformly throughout the sample volume because the thickness of the SiC samples being
irradiated was substantially smaller than the range of the charged particles.

The PL was excited with a nitrogen laser operating at a wavelength of 337.1 nm and
having the following parameters: pulse power 2 kW, pulse width 10 ns, pulse repetition
frequency 100 Hz. The pumping power density was ~50 kW/cm?. The PL spectra were
measured at liquid nitrogen temperature (77 K). The spectra were studied for the samples
both in their unirradiated state and after each irradiation dose.

Table 3.5. Parameters used in the calculation

Parameters Values

Sample no. 1 Sample no. 2 Sample no. 3
Concentration 2-3 10" 210" 1.110'
(conductivity type) (P) (P) (N)
Npax, cm™ 0.510' 1.510' 510'
Ip , rel. units 30 8 7
Imax , rel. units 60 100 185
y, cm’ 235107 235107 0.6 107
o, cm’ 12101 6.7107" 3.71070
N’pap, cm™ 0.25 10 0.18 10'° 0.19 10
No, cm™ 0.25 10 1.32 10 4.81 10"

After the dependence of the DPL intensity on the irradiation dose was measured, the
concentration of nitrogen atoms was determined in the same samples by dynamic
secondary-ion mass spectrometry using CAMECA IMS 7f ion microprobe. A beam of
33Cs" primary ions with impact energy of 15 keV was scanned over a 100x100 pm? area,
with secondary negative molecular ions *C'*N" collected from a central area 60 pum in
diameter. The mass spectrometer was tuned to a mass resolution M/AM = 7500 to
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separate the '*C'*N" analytical signal from the mass interference from *C* secondaries.
During the SIMS analysis, the specimens were irradiated with a low-energy electron
beam to avoid charging. The sputtered-crater depths were determined with an AMBIOS
XP-1 calibrated stylus profile meter. The SIMS data were quantized by using relative-
sensitivity factors [150], with a nitrogen-implanted standard SiC sample. The
experimentally measured nitrogen concentrations are listed in Table 3.5.
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Fig. 3.9. DPL intensity I for p-4H-SiC vs. the electron irradiation dose: (1) data for
sample no. 1 and (2) data for sample no. 2. The lines represent the calculation by
formula (3.4) with the parameters from Table 3.5 [148].

Prior to irradiation of the samples, the PL spectrum contained a broad band peaked at hv
~ 2.2 eV, commonly attributed to the radiative recombination via acceptor levels of boron
(D-center) [30] (Fig. 3.8). Apparently, its presence is due to the uncontrolled doping of
the as-grown epitaxial layers with boron. After the irradiation, the DPL band peaked at hv
~ 2.5 eV started to appear in the PL spectrum. It has been shown previously that
irradiation of p-4H-SiC samples results in the appearance of a DPL whose intensity
levels-off ("saturates") with increasing irradiation dose [152] (Fig. 3.9). In [148], the
dependence of the DPL intensity on the irradiation level [I = F(D)] was examined in n-
4H-SiC samples. It was shown that, as also in the case of p-4H-SiC, the dependence I =
F(D) also levels-off, but does so at a larger irradiation dose (Fig. 3.10).
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Fig. 3.10. DPL intensity for n-4H-SiC vs. the electron irradiation dose (sample no. 3).

The line represents the calculation by formula (3.4) with the parameters from Table 3.5.
[148]

The expression for the DPL intensity I can be written as

I=0(N’pap + N pap) (3.1)

where a is the coefficient that relates the external excitation intensity to the DPL
intensity, N’pap is the initial concentration of the donor-acceptor pairs activating the
DPL, and Npxp is the concentration of the donor-acceptor pairs formed upon irradiation.

In [34,151], various mechanisms of the radiation-induced compensation of
semiconductors were analyzed. By analogy with [34, 151], we can write an expression
describing the variation of the DAP concentration in the course of irradiation as

dNDAP /dt = nFPB GtN (32)
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Here, N = Nj - Npap; Ny is the concentration of nitrogen atoms at the beginning of
irradiation, which are not included in DAPs; ngp is the generation rate of Frenkel pairs
under irradiation; 3 is the constant of interaction between a nitrogen atom and a radiation
defect (dependent on the velocity of defect motion over the crystal and on the probability
of interaction upon encounter); G is the flux of electrons; and t is the lifetime of a
radiation defect.

Equation (3.2) has the following solution under the boundary conditions
t:0:>NDAP:031'ldt:OO :>NDAP:N0:
Npar = No[1- exp(-ngp B G T 1)] (3.3)

Taking into account that G t = D, where D is the irradiation dose, and replacing ngp  ©
with v, we substitute (3.3) in (3.1):

I=0 N’pap+ aNg[1- exp(-y D)] (3.4)

It is easy to extract [( = a N'pap _which is the PL intensity before the beginning of
irradiation, and Iyax = o NODAP + a Ny, 1.e., the value at which the intensity levels-off,
from the experimental dependence of the PL intensity on the irradiation dose (Fig. 3.10).
Physically, this means that nearly all nitrogen atoms are incorporated into DAPs.

Then, equation (3.4) can be easily transformed to
In[ (Imax - D/(Ivax -To)]=-yD (3.5)

From the slope ratio of the dependence described by expression (3.5), we can find the
value of y (Table 3.5). A graphical representation of the experimental dependence (3.5) is
shown in Figure 3.11. It can be seen that the dependences nearly coincide for p-type
samples, but, at the same time, noticeably differ for n-SiC.
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Fig. 3.11. Dependence of In [(Iyjix -1) \ (Iyax-1y)] on the dose of electron irradiation: (1)
sample no. 1; (2) sample no. 2, and (3) sample no. 3. [148].

The rest of the parameters necessary for calculating the dependence I = F(D) can be
found by using the known total concentration of nitrogen atoms in the sample (Nyax).

a = Iyax/ (NODAP + No) = Imax/N
N’bap = (Io /Tyax) Nyax
No = Nmax( 1 -1Io/Ivax )

Apparently, the rise in the DPL intensity is due to the increase in the concentration of
DAPs via which the radiative recombination occurs. The concentration of DAPs will
grow due to the pairing of nitrogen atoms with structural defects formed under
irradiation. The dependence I = F(D) will level-off when the concentration of free
nitrogen atoms becomes low. Figures 3.9 and 3.10 show the calculated and experimental
dependences of the function I = F(D) for all the samples under study. It can be seen in the
figures that there 1s good agreement between the experiment and calculation.

As follows from the table, the initial concentrations of DAPs (Npap) in all the samples
under study nearly coincide despite the significant differences in the nitrogen
concentration. Apparently, the reason is that the concentration of DAPs is determined by
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the concentration of structural defects, which is characteristic of the given growth
procedure.

There appears a question as to just what structural defect forms a DAP with nitrogen.
According to [76,107,152-153], one of the main structural defects whose concentration
increases upon irradiation is the carbon vacancy. It can be assumed that the DPL is
associated just with nitrogen -V pairs, but an acceptor is necessary for acting as a partner
of the N donors in the donor-acceptor recombination. V - C is actually a deep acceptor
because it represents the negatively charged state in n-SiC, but this issue invites further
studies.

A conclusion can also be made from the table that the maximum DPL intensity (i.e., that
in saturation) is well correlated with the increase in the concentration of nitrogen atoms.
As the nitrogen concentration (Nyax) was raised by an order of magnitude, the Iyax / Io
ratio increased from 2 to 26.

It can also be noted that the values of y coincide for p-type samples, but are ~ 400 times
smaller for the n-type sample. It is known that the generation rate of Frenkel pairs (ngp) 1s
independent of the conduction type of a SiC sample [154]. Consequently, the main
difference between values of the parameter y is due to the difference either between the
constant of interaction of nitrogen atoms with structural defects (), or between the
lifetimes of radiation defects (t) in n- and p-type SiC. The parameter [ is largely
determined by the charge states of a nitrogen atom and a structural defect. Because the
structural defect mostly acquires a charge corresponding to the sign of majority carriers in
a semiconductor, it will be different in p- and n-type materials [155]. If a carbon vacancy
is the structural defect, then the parameter t is determined by direct recombination of this
vacancy and an interstitial carbon atom (genetically related) generated together with this
vacancy.

Their recombination is also largely due to the charge state of the interacting components.
It is quite acceptable that the time 1 in the n-type is a hundred of times shorter than that in
the p-type. This conclusion agrees with the fact that the carrier removal rate under
irradiation with electrons in p-SiC exceeds that in n-SiC [156].

An analysis of experimental results demonstrated that the dependence of the intensity of
"defect-related PL" on the irradiation dose is well accounted for on the assumption that
the given PL is due to the DAP recombination via nitrogen--radiation defect pairs. The
method we suggest can also be wused to analyze the radiation-stimulated
photoluminescence in other semiconductors.
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3.5.2 Restorian of SiC characteristics upon annealing

It is not quite clear whether the irradiated and annealed silicon carbide can be considered
equivalent to that in the initial state. This issue may also be of practical importance
because the temperature at which radiation defects in silicon carbide are eliminated by
annealing is lower than its sublimation point. That is the annealing can restore the initial
characteristics of a SiC device without its thermal disintegration. It is of interest whether
all characteristics of the material are restored or there are differences.

In [157], the properties of SiC annealed upon irradiation were compared with the
properties of the starting material. CVD-grown 4H-SiC samples with uncompensated
donor concentration (Nd - Na) = 2x10" - 2x10'® ¢cm™ were irradiated with 0.9 MeV
electrons. The samples were annealed in a vacuum at temperatures of up to 1400°C
during 30 min.

The uncompensated donor concentrations (Nd - Na) in the starting and irradiated samples
were determined from current-voltage (C-U) characteristics at room temperature. To
perform these measurements, Schottky diodes 2 mm in diameter were formed on the
surface of an epitaxial layer by deposition of an Au film.

Prior to irradiation, the PL spectrum had a broad band peaked at hv = 2.2 eV, which is
commonly related to the radiative recombination via acceptor levels of boron (D-center).
Apparently, its presence was due to the uncontrolled doping of the starting epitaxial
layers with boron. Only the DPL was resent in the PL spectrum after the irradiation.

The samples under study were at once compensated with a dose of 1 x 10'® cm™ and then
annealed. In all, three cycles of this kind were performed. The results obtained are
presented in Table 3.6 and Fig. 3.12.
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Fig. 3.12. PL spectra: (1) starting sample, (2) sample upon Ist irradiation, (3) that upon
Ist annealing, (4) upon 2nd irradiation, (5) upon 2nd annealing, (6) upon 3rd
irradiation, and (7) upon 3rd annealing.

It can be seen in the table and figure that the parameters of the samples are nearly
completely restored upon annealing. The DPL line disappears from the PL spectrum, and
the Nd - Na concentration returns to the initial value to within ~10%. Thus, it can be
stated to a first approximation that the irradiation of SiC with 0.9 MeV electrons is
reversible. It is not improbable, however, that the irradiation and subsequent annealing
result in that some defect complexes are disintegrated and formed, and the change in the
concentration of these centers has no effect on the PL spectrum and the experimentally
measured value of Nd - Na. The occurrence or absence of changes of this kind in the
crystal structure of SiC should be studied by ESR methods.
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Table 3,6 Dependence of the concentration Nd-Na of the samples under study upon
irradiation and annealing [157].

Doses Annealing Nd-Na concentration, cm™
0 2.6x 10"
2x10% compensated
1400°C, 30 min 243 x 107
2x10' compensated
1400°C, 30 min 249 x 107
2x10' compensated
1400°C, 30 min 2.4x 10"

3.5.3 Point defects in SiC for single-photon spectroscopy

Another kind of PL, associated with structural defects in the crystal lattice of SiC, was
considered in [158-164]. It was shown previously that single defects in semiconductors
show high promise for application in quantum metrology, quantum calculations, and
effective nonclassical sources of light. NV centers (carbon vacancy+ nitrogen atom) in
the diamond lattice have been studied in sufficient detail. As regards its properties, a
defect of this kind can be considered a single atom weakly bound to the embedding
semiconductor matrix. The electron spins of an individual center are easily manipulated
by light and by magnetic, electric, and microwave fields, which makes it possible to
record quantum information (qubits) on the nuclear spin of the center. This manipulation
is even possible at room temperature; the center has long (up to several milliseconds)
storage duration of the induced spin polarization. At present, the NV center can be
regarded as a base logical element of the future quantum processor required for creating a
quantum computer, communication lines with a quantum safety protocol, and other
applications of spintronics.

Later, it was demonstrated that the properties similar to those of the NV center in
diamond are exhibited by silicon vacancies (Vs;) in the SiC lattice. The Vg; defect is
constituted by a silicon vacancy and a neighboring carbon vacancy, both arranged along
the C axis of the SiC crystal. This complex possesses a number of spin-optical properties
that are rather promising for application in quantum technologies, which makes it
possible to regard this complex as an alternative to the known NV defect in diamond. The
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centers were introduced via neutron irradiation of SiC crystals (dose ~10'® cm™),
followed by annealing at ~2000 °C.

Owing to the existence of a large number of silicon carbide polytypes and nonequivalent
positions in the silicon carbide lattice, the properties of the centers are much more diverse
than those of the NV center in diamond. As recently demonstrated in experiments on
optically detected magnetic resonance (ODMR), Vy; centers have the ground spin state S
= 3/2. This state can be optically pumped, which leads to a dependence of the PL
intensity on the spin orientation. This property can be used as a basis for various sensor
applications, with the shift of resonance line measured as a function of external magnetic
fields and temperature.
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CHAPTER 4

Effect of irradiation on the properties of SiC and
parameters of SiC — based devices

Abstract

Results obtained in studying the effect of ionizing radiation on devices based on silicon
carbide are considered. The analysis of published data illustrates the effect of intrinsic
defects and radiation defects in the SiC crystal lattice on the properties of the epitaxial
layers themselves, such as their doping level and polytype homogeneity. The radiation
hardness of silicon carbide and silicon are compared. A conclusion is made that
comparison of the values of charge carriers removal rate, obtained at room temperature
for SiC and Si, is not fully adequate from the physical standpoint.

Keywords

Devices Radiation Hardness, Polytype Transformation, Reverse Recovery Time, Particle
Detectors, Annealing
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4.1 Change in parameters of SiC devices under irradiation

4.1.1 Schottky diodes

As already noted (see Chapter 1), silicon carbide is a highly promising materials for the
development of devices on its basis for high-power and high-temperature electronics. At
present, Schottky diodes (SDs) with breakdown voltage of >1200 V are manufactured on
the basis of 4H-SiC. These devices can replace silicon-based pn diodes. Compared with
silicon-based p-i-n diodes, SiC SDs show a substantially higher operation speed (because
there is no injection of minority carriers) and lower reverse currents (due to the wider
energy gap). The contact potential difference is approximately the same (~1 V) in both
kinds of structures.

In addition, SiC SDs can be used as solar-blind UV photodetectors and detectors of
charged particles. After the technology of III-N compounds and their solid solutions was
developed, the UV photodetector is the only SiC optoelectronic device of practical
interest. The reason is that light with hv > Eg 1s absorbed in GaN, which is a direct-gap
semiconductor, near the surface. As a result, a considerable part of electron-hole pairs
being formed are lost due to the surface recombination, with the photosensitivity of the
detector becoming lower. In silicon carbide, which is an indirect-band semiconductor,
light penetrates much deeper and the effect of the surface recombination on the lifetime
of carriers being formed is substantially weaker.

In [1], SDs fabricated by deposition of Pt-W-Cr onto 6H-SiC samples grown by the Lely
method with Nd-Na = 10'° -5 10"7 cm™ were studied. The structures retained their
electrical parameters up to temperatures of ~450 °C. It was shown that the thermal
stability is due to the use of a multilayer metallic composite that provides the stability of
metal/silicon carbide interfaces. It was also found that the characteristics of the samples
under study were irreversibly changed upon a combined effect of fast neutrons and
accompanying radiation at doses of 4.42 neutron/cm” and 8.67 10° R, respectively. The
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degradation of the characteristics was the stronger, the lower the initial doping level of
the material.

In [2], characteristics of 4H-SiC SDs irradiated with 7.0 MeV C ions at fluence in the
range 10°-10' cm™ were studied. It was found that the irradiation did not lead to a rise in
reverse currents, but caused an increase in the series resistance, which was apparently due
to the larger degree of SiC compensation (Fig. 4.1). The temperature dependence of
carrier mobility determined from I-V measurements in the temperature range 100-700 K
shows a T~ behavior of the mobility, determined for both unirradiated and irradiated
diodes. The authors of [2] also noted that the ion irradiation results in that the epilayer
resistance grows due to the deactivation of nitrogen at the end of the ion range, where the
concentration of defects created by the ion beam is higher. A deep insulating layer
formed at the end of the range remained stable upon annealing at 700 K for 1 h.

Unirradiated (N, 5x10"%cm’”)
1| »=3x10" em”
--------- @=6x10" cm” ________—————‘_

107 /

/

/
/

— ;
<
- a)
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Bt 1" L ———3x10° cm”
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Fig. 4.1. Forward I-V characteristics of 4H-SiC Schottky diodes before and after the
irradiation with 7.0 MeV C ions at different fluences for epilayers doped to (a) Nd =
5.0x10" em™ and (b) Nd = 7.0x10" em™ [2].
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The effect of irradiation with electrons from Sr-90 radio nuclide (fluence 6x10"
electron/cmz) on similar 4H-SiC SDs was studied in [3]. It was noted that the current-
voltage characteristics of the SDs are well described in terms of the thermionic emission
(TE) in the temperature range of 120-300 K, but depart from the TE theory at
temperatures below 120 K. The current flowing across the interface at a bias of 2.0 V
from pure thermionic emission to thermionic field emission within the depletion region
with the free carrier concentrations of the devices decreased from 7.8-10" to 6.8-10"cm™
after the HEE irradiation. The modified Richardson constants were found from the
Gaussian distribution of the barrier height across the contact to be 133 and 163 A cm™?K™
for as-fabricated and irradiated diodes, respectively.

In [4], 4H-SiC Schottky diodes manufactured by CREE Inc. (United States) with
breakdown voltages of 600 and 1200 V were studied. The uncompensated donor impurity
concentration (Nd - Na) in the as-fabricated devices before irradiation was ~6.5 x 10"
cm” and ~ 4.5 x 10" cm™, respectively.

Nd-Na, 10'°* cm™
o = N W 0 N ®

1
k=

o
o
=
N

3 4 5 6 7 8
Dose, 101® cm?

Fig. 4.2. Dependence of Nd-Na on the irradiation dose for the case of the electron
irradiation with energies of (1) 0.9 MeV and (2) 3.5 MeV. Different symbols correspond
to different diodes. Adapted from [4].

The irradiation with 0.9 MeV electrons was performed on a resonant transformer
accelerator. The uncompensated acceptor concentrations (Na - Nd) in the as-fabricated
and irradiated samples were found from capacitance-voltage (C-U) characteristics.
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A linear decrease in Nd - Na was observed in the course of experiments for both types of
Schottky diodes (Fig. 4.2). The carrier removal rate upon irradiation with 0.9 MeV
electrons was Vd = 0.096 cm™ at the concentration of 6.5x10"° ¢cm™ in the base region of
the Schottky diode and Vd ~ 0.073 cm™ for the concentration of 4.5%10"> c¢m™. This
value is approximately twice [5] smaller than that for silicon with the same Nd - Na. If a
comparison is made with a silicon p-i-n diode having the same breakdown voltage, it is
necessary to take Nd - Na two orders of magnitude lower than that in SiC because the

critical breakdown field in Si is 10 times lower than that in SiC. This means that an
approximately 200 times higher irradiation dose is required for compensation of a SiC
Schottky diode, compared with the compensation of a Si p-i-n diode with the same

breakdown voltage.

T

a—

AT RTTT | MR MRETRIT |

Fig. 4.3. Forward conductivity of Schottky diodes on the irradiation dose for the case of
irradiation with (1) 0.9 MeV and (2) 3.5 MeV electrons. Adapted from [4].

Figure 4.3 shows how the conductivity of the SDs under study varies with the irradiation
dose. It can be seen in the figures that the conductivity of the samples remains unchanged
at irradiation doses of ~1x10"" ¢cm™, although C-U measurements demonstrate that at
these doses Nd - Na — 0. In the given scheme of the experiment, the experimentally

measured conductivity () can be written as

printed on 2/13/2023 2:53 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Materials Research Foundations Vol. 6

6= (Rb + Rsub + Rc)” 4.1

where Rb is the resistance of the base region (thin lightly doped layer); Rsub is the
substrate resistance, and Rc is the contact resistance.

Apparently, the last term (Rc) does not change significantly under irradiation. The doping
level of the SiC substrate is approximately three orders of magnitude higher than that of
the epitaxial layer. For the irradiation type used and the dose of <2x10'7 cm™, not more
than 1% of carriers present in the substrate will be removed. Thus, the value of Rsub
must not strongly increase, either. Under irradiation, Rb will grow due to the decrease in
the concentration of carriers and in their mobility. However, even when the
experimentally measured Nd - Na approaches zero, the carrier concentration in the base
will not be zero. These carriers will be excited from deep donor centers (including those
appearing upon irradiation). It is the presence of these carriers that will determine the
conductivity of the system at irradiation doses of ~1x10'7 cm™.

A comparison of the electrical characteristics of CVD-grown 4H-SiC epitaxial layers
upon irradiation with 0.9 and 3.5 MeV electrons demonstrated that the donor removal
rate increases by nearly a factor of 4 as the energy of bombarding electrons becomes four
times higher, despite that the formation cross-section of primary radiation defects
(Frenkel pairs in the carbon sublattice) responsible for the conductivity compensation of
the material is nearly energy-independent within this range. It was suggested in [6] the
influence exerted by the energy of primary knock-on atoms (PKAs) is the reason for the
observed differences. First, cascade processes become important with increasing PKA
energy. Second, the average distance between genetically related Frenkel pairs increases,
and, as a consequence, the fraction of defects that do not recombine under irradiation
becomes larger. In [6], the recombination radius of a Frenkel pair in the carbon sublattice
and the possible charge state of the recombining components were also evaluated.

Comparison of Figs. 4.2 and 4.3 also shows that, at doses of ~5x10'® cm? the
conductivity of the samples decreases by five orders of magnitude, whereas the
experimentally measured Nd - Na becomes only three to four times lower. A possible
reason is that n < Nd - Na because of the high ionization energy of the main donor levels
in SiC. With increasing degree of compensation, the difference between n and Nd - Na
will grow. Another reason for the so significant decrease in conductivity may be
associated with the decrease in the carrier mobility. Presumably, this effect invites further
studies.
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Fig. 4.4. Dependence of the reverse recovery time of the diode on the dose of irradiation
with 0.9 MeV electrodes.

The reverse recovery time (trgc) measurements were made on similar SDs [7] on a
Lemsys Inc. Diode Measurement System (DMS) with a QPR 100A Turn-off unit. This
was done by the method of active switch-off of a diode from 20 A on applying a reverse
voltage of 100 V, with a current decay front (dIg/dt) of 100 A/us, upon irradiation with
various doses (Fig. 4.4). It can be seen in the figure that the operation speed of the diodes
is slightly improved up to doses of ~3x10'® cm™, and, as the dose increases further, this
parameter is sweepingly deteriorated. The observed dependence can be explained as
follows [7].

It is known that the recharge time of barrier capacitance (z),) between the two equilibrium
states mostly determined by the Maxwell relaxation time expression (4.2):

v = PEEY 4.2)

where p is the resistivity, ¢ the dielectric constant, and ¢, the electric constant. Rewriting
the expression as 7, = R,Cy ¢ &), where R, is series on resistance and C, - barrier
capacitance at zero bias, we can see that reverse recovery time (7,,) determined by 7), is
equal to R,C).

Thus, the change in the reverse recovery time will be determined by the influence of two
mutually compensating processes. Specifically, the barrier capacitance becomes lower
due to the decrease in the Ny - N, concentration, on the one hand, and to the increase in R,
because of the decrease in the number of carriers and in their mobility, on the other hand.
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The latter occurs because the carrier lifetime becomes shorter due to the scattering on
additional radiation defects. As a result, the decrease in 7., at low irradiation doses, when
the increase in Ry is not significant yet, is determined by the decrease in C,. At doses >
2x10' cm'z, the key influence on the variation of 1, will be exerted by the increase in R,
and ohmic resistance of n-base.

In [8-10], the degradation of SiC UV photodetectors under irradiation with neutrons and
ions was studied. In [8], the effects of ion irradiation on the response of UV
photodetectors were studied by monitoring the spectral response as a function of the
irradiation dose. The devices irradiated with a beam of 1, 4, and 10 MeV Si" ions show a
change in the response, depending on the energy of irradiating ions. The unexpected huge
optical effect, compared to negligible influence on the reverse bias leakage current, was
correlated with the nature of irradiation-induced damage and with its position within the
optically active layer of the device.

In [9], the effect of irradiation with 1 MeV neutrons was considered. It was shown that
the photoresponse is slightly affected by the irradiation up to the threshold fluence @ ical
=8 x 10" cm™. At fluences > Dyigical, the rejection rate is in the order of 10% in the range
200-320 nm, and less than 107 at about 320 nm.

Studies of the effect of heavy ions (Xe) on characteristics of 4H-SiC UV photodetectors
enabled the authors of [10] to formulate the following conclusions:

- The short-wavelength part of the photosensitivity spectrum (A < 250 nm) of 4H-SiC UV
photodetector structures with Schottky barriers is determined by the surface perfection of
the semiconductor. It is quasi-strained due to the surface imperfections (and, in particular,
fluctuation traps). Irradiation of the detectors with high-energy Xe ions at a fluence of
6x10° cm.., reveals this dependence to a greater extent.

- UV detector structures remain operable under irradiation with 167 MeV heavy Xe ions
at fluence of 6x10° cm™ (Fig. 4.5).

As the working temperature of the detectors is raised to 180 °C, their photosensitivity is
preserved and even an increase is observed in the endurance and burn-up life of 4H-SiC
devices at elevated temperatures.

The interest in SiC as a starting material for nuclear detectors is due to its supposed high
radiation hardness and possibility of operation of devices at elevated temperatures. The
detectors based on a pn structure or an SD are, in fact, an ionization chamber fabricated
in the solid state.

Until quite recently, a severe obstacle to designing detectors has been the poor quality of
epitaxial films. The recent progress is associated with the appearance of films with
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thickness comparable with the deceleration length of short-range ions. For example, a
space-charge layer with a thickness of tens of micrometers can be developed even at an
Nd - Na concentration of ~10'"> cm™ and hole diffusion length of 2-3 pm because of the
high critical electric field strength in SiC. The low concentration of nonradiative
recombination centers, achieved in layers of this kind, provides carrier lifetimes
sufficiently high for the effective transport.
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Fig. 4.5. Spectral dependences of the quantum efficiency of photoconversion by 4H-SiC
photodetectors with Schottky barriers: (1) as-fabricated sample and (2) sample
irradiated with 167 MeV Xe ions at fluence of 6x10° cm™. Measurement temperature was
25 C [10].

The conversion efficiency of the particle energy into the nonequilibrium charge is
determined by the average energy (€) consumed for generating an electron-hole pair.
Pairs are generated in collision cascades produced by secondary fast electrons. In
addition, the energy of hot carriers is expended for excitation of phonons. There are
published empirical formulas that relate the energy gap width Eg, phonon loss Eph, and
resulting value of € of the type € = 2.16Eg + Eph [11, 12]. The values of Eph are close
values for various materials, being 1.2 eV for diamond and GaAs. With this value, the
factor multiplying Eg was found to be ~1.9 in [13]. In other words, the ionization
occurred in SiC films under study in [13] with a somewhat higher efficiency, compared
with the materials mentioned above.

The typical dependence of the average signal amplitude on the voltage across the detector
is shown in Fig. 4.6. The dependence has two portions that differ in the rate at which the

printed on 2/13/2023 2:53 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Materials Research Foundations Vol. 6

amplitude increases, which correspond to the voltages before and after the complete
depletion of the structure. Indeed, while the electric field region occupies only a part of
the n-base, the diffusion of holes in the base starts to contribute to the carrier transport in
addition to the carrier drift in the nonzero field region.

900
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Fig. 4.6. Dependence of the average signal amplitude on the reverse voltage applied to
the detector. The portions before the depletion (1) and after the complete depletion (2) of
the structure are indicated. The inset shows the configuration used in the diffusion
analysis, the nonzero field region W is shaded. [13]

The slower, compared with the drift, diffusion rate results in a considerable loss of charge
via the carrier recombination. To a first approximation, the signal grows in proportion to
the width of the nonzero field region.

When the depletion is reached and the nonzero field region extends to the whole lightly
doped film, there only occurs the carrier drift. Because electrons and holes are effectively
separated by the field, the loss of charge is determined in this case by the carrier
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localization on trapping centers, rather than by the recombination. In this case, centers are
manifested which retain carriers during a time exceeding that in which a pulse is formed
by the recording equipment (on the order of microseconds). The signal amplitude grows
with increasing reverse voltage due to the rise in the drift velocity. The charge transfer
can be considered complete in the saturation portion.

In [14-21], the results obtained in detection of various kinds of radiation with SiC SD
detectors were considered. In [14, 15], detector arrays constituted by 22 SiC SDs with
diameters of 200 and 400 pp were used to record neutrons, gamma photons, and o-
particles. It was noted that the detectors expectedly exhibited weak sensitivity to gamma
radiation, with the signal linearly increasing with the dose rate. No effect of temperature
on the detector characteristics was observed in the range 22-89 °C. A conclusion was
made that SiC is a promising material for development of detectors intended for use at
elevated temperatures and/or high radiation fields.

In [16], n-4H-SiC SDs were used to detect 22 MeV electrons and 6 MeV protons. It was
found that they exhibit a linear variation of the electron-induced collected charge with
electron dose within the range 1-10 Gy and a linear trend in the range 2-7 Gy/min. The
sensitivity per volume is almost a factor of 2 lower than that of the standard silicon
dosimeters, but it is well above that of the best available commercial CVD diamond.

The potential of SiC for detection of X-rays from 241AM was considered in [17, 18].
SDs with area of ~3 mm® were fabricated from 4H-SiC with the use of gold and
titanium. The best devices had leakage currents in the range 2-18 pA/cm’ at room
temperature. The authors of [17] noted that the low noise level of SiC detectors at room
temperature enables their effective use without cooling. This makes it possible to reduce
the end value of a device and can compensate for the high cost of epitaxial SiC structures.

In [19,] samples were characterized, chosen among several batches of epitaxial 4H-SiC
Schottky diodes with different effective nitrogen doping levels and layer thicknesses. The
nominal depletion width of the devices ranges from 20 to 40 micrometers, and the
effective doping concentrations, from below 10'* cm™ to about 10" cm™. The epilayer
thicknesses and the concentration gradients were determined by capacitance-voltage
measurements. The charge collection efficiency (CCE) was characterize with a
minimum-ionizing -source. The results of the C-V measurements are consistent with the
CCE characterization. In particular, the two samples under study exhibited the 100%
CCE, with the signal well separated from the pedestal and a reproducible response
observed to minimum-ionizing particles.

The resolution of SiC detectors in spectrometry of a-particles with energy of 5.1-5.5
MeV has been studied [20, 21]. The detectors were fabricated from 26-pm-thick CVD-
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grown 4H-SiC films with Nd - Na = 1x10" ¢cm™. A resolution of 0.5% was achieved for
SiC detectors for the first time, which made it possible to visually reveal fine-structure
peaks of the a-spectrum (Fig. 4.7). A value of 7.71 eV was obtained for the average
formation energy of an electron-hole pair.
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Fig. 4.7. a-Decay spectra measured with a SiC detector for the isotope mixtures **'Am +
8Py, The inset shows the same spectra measured with a silicon detector. Energies
(keV): 5443, 5456, 5485, and 5499 (for, respectively, lines 1- 4 in the lower panel)
Adapted from [20)].

In [22], the influence exerted on the characteristics of a 4H-SiC SD detector by
irradiation with protons (8 MeV) and electrons (900 keV) at doses of 10'* and 3x10'° cm’
?_ respectively, was studied. It was found that the proton irradiation leads to a monotonic
fall of the transfer efficiency. In the case of the electron irradiation, the efficiency of the
detectors remained unchanged at doses in the range (1-3) x10'® cm™. However, the dose
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of 3x10'" cm™ led to a substantially higher nonuniformity of the charge-transfer
conditions over the sample volume.

The effect of annealing on the characteristics of SiC SD detectors irradiated with 1 MeV
electrons has also been studied [23]. The annealing at 300 °C considerably improved the
CCE parameter deteriorated after the irradiation. However, annealing at temperatures of
350 °C and more led to degradation of the devices. For example, the authors of [23] noted
that the leakage current nearly unchanged upon irradiation increased by three orders of
magnitude upon heating to 400 °C. It is noteworthy that these temperatures are limiting
for the working capacity of SiC SDs because the barrier is thermally degraded and
becomes ohmic.

4.1.2 PN diodes

In bipolar SiC diodes, to which PN diodes also belong, there is a degradation mechanism
associated with the formation of 3C-SiC polytype inclusions within a structure based on
the hexagonal polytype under the action of a forward current (see Section 4.2 for more
detail). That is why SiC PN diodes are not commercially manufactured on a large scale,
and fabricated devices are more frequently used in the reverse-bias mode, e.g., as
detectors.

Another possible way to solve the problem of degradation of SiC PN diodes is by
developing JBS (Junction Barrier Schottky) diode structures. The working area of these
devices contains both PN junctions and SDs. The JBS characteristics are a combination
of the characteristics of SDs and a PN diode. Under forward bias, the JBS operates as an
SD, and the breakdown reverse voltage is close to the breakdown voltage of a PN diode.
Because a forward-biased SD has no injection or electron-hole recombination in the base,
JBS structures show no degradation associated with the transformation of the SiC
polytype.

In [24], the effect of proton irradiation (energy 62.5 MeV, dose 5x10" cm?) on the
parameters of a 4H-SiC JBS diode (Nd - Na = 1x10"” cm™) was studied. Both
deterioration of some characteristics (increase in the series resistance) and improvement
of others (decrease in the leakage current and increase in the breakdown voltage) were
observed. Presumably, all these effects occur because the degree of compensation of the
base region of the device grows under irradiation.

The effect of irradiation with 5 MeV protons on SiC PN diodes was analyzed in [25].
This study was for the most part concerned with parameters of the RDs being formed.
Therefore, low irradiation doses (10'' cm™) were used at a base concentration of 1x10"
cm”. The presence of the PN junction enabled a study by capacitive methods of the traps
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formed in both lower and upper halves of the energy gap of SiC. Also, a decrease in the
hole lifetime as a result of irradiation from 0.78 to 0.16 ps was observed. The authors of
[25] reasonably attributed this effect to the increase in the concentration of the Z,,, center.

The development and analysis of charge-particle detectors based on SiC PN diodes have
been the subject of rather numerous publications (see, e.g., [26-29]). The operation
physics of the detector is the same in the case of a PN junction or a detector based on an
SD. In practical regard, the PN detector has higher working temperatures; also, lower
leakage currents and higher breakdown voltage can be reached at the same base doping
level.

In [30], specific features of the operation of diodes irradiated with 8 MeV protons at a
dose 3x10'* cm™ were studied. The detectors were fabricated on the basis of CVD-grown
epitaxial 4H-SiC films (Nd - Na = 10" e¢m™, thickness 55 um) manufactured by CREE
Inc. [31]. A temporal instability of the principal characteristics of the detector, signal
amplitude and resolving power, was observed. A conclusion was made that this effect is
due to the long-term capture of nonequilibrium carriers by RDs and to the resulting
appearance of a polarization voltage in the bulk of the detector.

In [32], detectors based on p-type 6H-SiC epitaxial layers were studied. Characteristics of
a detector before and after the irradiation with 1 MeV electrons were measured. A CCE
of 93% was obtained for non-electron-irradiated diodes, and no significant change in the
CCE was observed for the diodes irradiated with electrons at fluence below 1x10" cm™.
A degradation of the CCE was observed after irradiation at fluence exceeding 5x10" cm’
2

A general analysis of the radiation hardness of charge-particle detectors based on wide-
bandgap semiconductor has been made [33]. It was noted that a mutual relationship
between three processes is observed in detectors of this kind upon introduction of
radiation defects. The deep compensation predetermines the localization as the dominant
kind of the capture, which, in turn, gives rise to the polarization voltage.

A situation was considered in which the carrier generation and capture processes are
governed by radiation centers. For the simplest case of a single level, the optimal working
temperature and the depth of the level excluded from the capture process were
determined. A comparison of various materials demonstrated that only the temperatures
are strictly individual, whereas the depth level related to the energy gap width has a
common value close to 1/3 (at the center parameters specified in [33]).

The radiation hardness of SiC and GaN have been studied at CERN when effective
detectors for Large Hadron Collider (LHC) were developed [34, 35]. The following
conclusion was made on the basis of the results obtained: "The studies have shown that
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the relatively small signal generated by MIPs degrades faster in these materials than in
silicon after hadron irradiation. As a consequence, they are not suitable for hadron
collider applications due to this degradation of their charge collection properties, besides
other practical considerations like cost and availability of adequate-size wafers (4 inches
and 6 inches)" [34]. According to the data obtained, SiC detectors are inferior not only to
diamond, but also to silicon. In our opinion, the conclusion that SiC is unsuitable for
development of detectors seems to be somewhat premature. During the 5-7 years that
have passed since the time when the studies considered in [34, 35] were carried out, the
advances in the silicon carbide technology have continued. For example, SiC structures
with diameters of 4 to 6 inches are already available on the market.

The conclusion made in [34, 35] can be divided into two parts. The first is the low
sensitivity of a detector, and second is its radiation hardness proper. As for the second
factor, is that SiC degrades more slowly than diamond and most types of silicon
detectors. The originally low sensitivity of SiC could be due to the poor crystal perfection
of the material 5-7 years ago. What is more, the properties of SiC were not optimized, in
contrast to Si, for being used as a detector. At the same time, studies aimed to create
radiation-hard silicon have been carried out during more than one decade. The radiation
hardnesses of SiC and Si are compared in more detail in Section 4.3. On the whole, it can
be concluded that the question of whether or not SiC is promising for development of
nuclear detectors requires further analysis.

4.1.3 SiC field — effect transistors

Another class of unipolar devices that are being actively developed on the basis of SiC
are field-effect transistors (FETs). Depending on the gate fabrication technology, these
devices are subdivided into JFETs (gate in the form of a pn junction), MESFETs (gate in
the form of an SD, and MOSFET (MIS structure as the gate).

In [36], a 4H-SiC JFET was irradiated with various kinds of charged particles: 6.8 Mrad
gamma photons from a “’Co source; 4 MeV protons with a dose of 9x10'" cm™, and 63
MeV protons with a dose of 5x10"* cm™. Prior to irradiation, the transistor had a blocking
voltage of 600 V and a rated forward current of 2 A. After the irradiation with gamma
photons and 4 MeV protons, a slight increase in the device resistance was observed in the
ON-state and an insignificant decrease in leakage currents in the OFF-state. The
irradiation with 63 MeV protons led to a pronounced decrease in the forward current.

The effect of 1 MeV neutrons and gamma photons on 4H-SiC MESFETs and SDs at
room temperature was examined in [37]. The highest neutron flux and total gamma-ray
dose were 1x10" ¢cm™ and 3.3 Mrad, respectively. After a neutron flux of 1x10" cm?,

the current characteristics of the MESFET were only slightly changed, and the Schottky
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contacts of the gate contacts and of the Ni, Ti/4H-SiC Shottky Diodes showed no obvious
degradation. With the neutron flux raised further, the drain current of the SiC MESFET
decreased and its threshold voltage increased. The value of ¢p of the Schottky gate
contact decreased when the neutron flux was more than, or equal to 2.5x10'* cm™. On the
whole, a conclusion was made that the damage to the SiC Schottky interface and the
radiation defects in the bulk material are the main mechanisms of the performance
degradation of the experimental devices, and a high doping level of the active region will
improve the tolerance to the neutron irradiation.

The MOSFET is believed to be one of the most promising SiC-based FETs as the highest
power device. The role of the gate insulator is commonly played by SiO,, which is
formed, similarly to the case of silicon, on the semiconductor surface by oxidation.
However, in contrast to Si, the number of surface states formed at the SiC/Si0O, interface
is an order of magnitude larger. Another, still unsolved technological problem is the low
carrier mobility in the inversion layer. Extensive studies are still being carried out, aimed
to further develop the technology of SiC formation for MOSFETs and optimize its
parameter.

The effect of irradiation on the parameters of this device was also studied in [37-42]. As
the material served various SiC polytypes: 3C [38], 6H [39, 40], and 4H [41]. Gamma
irradiation was used [38-40], and RDs that appeared after the transistor channel was
formed by implantation of N were examined. The formation of traps both at the SiC/SiO,
interface and deep within the oxide layer was recorded. Presumably, SiO, has lower
radiation hardness, compared with silicon carbide, and its degradation begins earlier. In
our opinion, these studies are not directly associated with an analysis of radiation defects
in SiC.

To conclude this section, it can be stated that the degradation of SiC under irradiation is
associated, similarly to the case of other semiconductors, with the formation of RDs in
the bulk of the material. As a result, the forward resistance of the device increases and, at
the maximum irradiation dose, the semiconductor becomes a poor insulator.

Thus, the degradation rate of the given device will be determined by the relationship
between the carrier removal rate at a given kind of irradiation and the value of Nd - Na
(Na - Nd) in the most lightly doped region of the device. Therefore, it would be expected
that high-voltage diodes and field - effect transistors degrade most rapidly, and low-
voltage Zener diodes and tunnel diodes do so more slowly.

An interesting specific feature of the effect of radiation on SiC diodes is the improvement
of device parameters (decrease in leakage currents) at low irradiation doses, more than
once observed experimentally. Probably, this is due to the band structure of silicon
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carbide as a wide-bandgap semiconductor. The concentration of intrinsic carriers, which
determines reverse currents in the "ideal" pn structure, is 10° cm™ for 6H-SiC. That is the
currents due to these carriers are below the measurement sensitivity limit of modern
apparatus. Therefore, all the reverse currents recorded at room temperature are associated
with shallow defects or impurity centers. These levels are presumably compensated in the
initial stages of irradiation, and the leakage currents become lower.

On the whole, the increase in leakage currents is rather rarely mentioned in the case of
SiC irradiation. This is only observed at large doses. Because of the wide energy gap of
SiC, the main RDs have a substantial ionization energy and the time of their recharging is
long. For example, the recharging time of an RD characteristic of 6H-SiC, R center, is
~1-6 s. Therefore, the current due to the recharging of RDs at room temperature will be
only significant at their high concentration (large irradiation dose).

Another important specific feature of the radiation hardness of SiC devices, mentioned in
a number of publications, consists in that it grows with increasing temperature at which
the irradiation is performed. This is due to the elimination of primary radiation defects by
annealing. This problem is considered in more detail in Section 4.3.

4.2  Possible transformation of the SiC polytype under irradiation

4.2.1 Possible resons for the polytypism of SiC

The existence of a large number of polytypes of silicon carbide makes this material rather
promising for development of various types of heterostructures and device structures on
their basis.

In [43], the prospects for possible application of 6H-SiC/3C-SiC heterostructures in High
Electron Mobility Transistors (HEMT) were analyzed. It was found that (as also in
AlGaN/GaN structures) polarization effects play an important role in the electron
accumulation near the interface. It was found that the sheet electron density in the active
layer of the 6H-SiC/3C-SiC heterostructure markedly increases after a spontaneous
polarization appears. For a gate length Lg =200 nm, the intrinsic cutoff frequency f; was
estimated to be 160 GHz, with a slight decrease in the presence of the polarization. (For
an Aly;s Gaggs N/GaN HEMT having the same configuration and doping level, the
authors [43] calculated nearly the same f;, but with a more pronounced decrease at
negative gate voltages for the case when the polarization was taken into account.) Finally,
it was concluded that 6H-SiC/3C-SiC heterostructures can be regarded as a promising
candidate for development of HEMTs.
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In [44], results of a simulation study of the behavior of a 3C-SiC bipolar transistor with a
6H-SiC heterojunction emitter were reported. It was shown that, despite the potential
barrier originating from the conduction band offset, npn devices offer a higher common-
emitter gain in comparison with pnp devices. The base voltage corresponding to the
maximum gain of the device is controlled by the carrier tunneling across the collector-
base junction and is different for npn and pnp devices. Thus, the development of a
technology for creating structurally perfect SiC heterostructures seems to be an
interesting research task.

As noted in the preceding sections of the book, native defects of the crystal lattice of SiC
exert an exceedingly strong influence on its properties and parameters of SiC devices. In
this section, we consider the effect of native defects on the polytypism of silicon carbide.

At present, there is no theory that would be satisfactory in every respect in explaining
why SiC and some other materials crystallize in a wide variety of polytypes. It is not
completely clear, either, what factors favor the formation of a particular polytype.

It was observed in [46 - 48] that introduction of certain impurities into the growth zone of
SiC layers can yield epitaxial films having a polytype other than that of the substrate
used. For example, the introduction of rare-earth elements Sc and Tb, and also Al and B,
led to growth of 4H-SiC films on 6H-SiC substrates. The most effective transformation of
a growing layer, 6H = 4H, was observed upon introduction of Group-IV impurities Sn,
Pb, and Ge. Group-V impurities (nitrogen and phosphorus) favored growth of the 3C
polytype.

It was also found that changing the Si/C ratio in the growth zone strongly affects the
heteropolytype epitaxy. For example, an increase in the Si concentration made more
probable formation of 3C SiC or other polytypes with a low percentage of hexagonality.
At the same time, the introduction of an excess carbon enabled growth of 4H-SiC
epitaxial layers on 6H substrates also from Gd and Dy melts [48]. It was also noted in
[46] that the transformation of the substrate polytype occurs the most easily in growth in
the (0001)C direction. In this case, the growth temperature and growth rate affected the
process of heteropolytype epitaxy only slightly.

It was reported in [49, 50] that thick epitaxial 4H-SiC layers were obtained on 15R- and
6H-SiC substrates, with these structures then used as seeds for growth of single-crystal
ingots. The growth was performed on the (0001)C face, with introduction of Sc into the
vapor phase. This technique can produce epitaxial layers with both p- and N-types of
conduction. It was noted [50] that a high Sc concentration exceeding 10" ecm™ in

epitaxial films gave rise to mechanical stresses in the films. On the whole, the thus
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obtained epitaxial layers had a rather high structural perfection, which enabled fabrication
of JFET transistors on their basis [51].

As the nature of polytypism has not been elucidated yet, it is rather difficult to understand
the nature of heteropolytype epitaxy, too. Presumably, not only the impurity composition
of the growth zone, but also a number of other factors, from thermodynamic (pressure,
temperature) to crystallographic (orientation and defectiveness of a substrate), can affect
the probability of polytypic epitaxy. For example, it was observed in [52] that use of a
6H-SiC Lely substrate with a high dislocation density (~10° cm™) in the standard
(employed to grow 6H layers) epitaxial process leads to growth of 3C epitaxial layers.

Several the most efficient theoretical approaches can be distinguished among those
presently existing. Those based on Frank's dislocation theory [53-55] were aimed to
confirm the possibility of existence of a large number of polytypic forms and their
relatively high stability, but disregarded the effect of real experimental conditions
(temperature, pressure, and composition of the growth zone) on the polytypism. In a
number of other studies, the main attention was given to a thermodynamic analysis of the
growth of SiC polytypes (see [4] and refs. therein). Recent results were discussed in
detail in [56]. According to [56], this approach can account for the predominant growth
of the 4H-SiC polytype at an excess of C, growth of 3C-SiC films at an excess of Si, and
a number of other experimental results. At the same time, this approach disregards the
effect of impurities and structural defects in the substrate on the heteropolytype epitaxy.

In [46], processes of heteropolytype epitaxy were related to the stoichiometric
composition of various SiC polytypes. It was assumed that introduction of carbon
vacancies V¢, caused by the excess of silicon, leads to compression of the crystal lattice.
In this case, cubic, rather than hexagonal orientation of layers becomes more
energetically favorable. Thus, SiC polytypes can be regarded as phases with different SiC
ratios and it can be assumed that an increase in Ng in a growing layer leads to a change
of the polytype, making lower its hexagonality, i.e. 1-y~ Ng .

This approach was further developed in [57- 59]. In [58], experimental data on the effect
of intrinsic defects in the crystal lattice on the polytypism of silicon carbide were
analyzed. A simple analytical expression relating the hexagonality of a polytype to the
concentration of carbon and silicon vacancies was derived. In [59], a model of
transformation of SiC polytypes in the course of growth of an epitaxial layer, based on a
time dependence of the concentration of carbon vacancies in the intermediate layer, was
suggested and used to analyze the available experimental data. It was shown that the
parameter | = Gt/Lt (where Ly is the thickness of the intermediate layer; G, film growth
rate; and T, lifetime of a vacancy in the intermediate layer) is independent of the method
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used to grow an epitaxial layer and of the growth temperature, being determined only by
the concentration of carbon vacancies in the substrate and film.

The scheme of the process of heteropolytype epitaxy of SiC, presented in [58, 59], is
strongly simplified and disregards numerous factors governing the film growth. At the
same time, the approach suggested can, in our opinion, serve as a basis for analyzing the
already available published data and for determining ways of further experimental
research.

4.2.2 Selected experimental results

Heteropolytype structures have been fabricated by CVD method [60, 61], molecular-
beam epitaxy [62], and sublimation [63, 64]. However, despite separate observations of
quantum-confinement effects near the heterointerface, no technology for stable
fabrication of SiC devices with heterojunctions has been developed.

Detailed studies of the transition region between two polytypes have shown [65-68] that
it is constituted by alternating bands with structure of both polytypes. In [69], an attempt
was made to supplement the previously suggested model [47, 48] by using the spinodal
decomposition concept.

In the case of a fast phase transition, one (or both) of the coexisting phases is unstable. In
this case, a spinodal decomposition of the system may occur, accompanied by the
enhancement of accidental particle concentration nonuniformities [70]. Then, appearance
of density-modulated relaxation structures becomes possible. Transitions of this kind
occur in semiconductor systems with two phases having different chemical components
(atoms) [71, 72]. In the situation under consideration, the phases are chemically identical,
but have different structures and, what is particularly important for the spinodal-
decomposition concept to be applicable, different vacancy concentrations.

It was assumed in [69] that vacancies are generated in the course of epitaxy at a constant
rate vgen, SO that the concentration of carbon vacancies in the transition layer, N¢(z) grows
linearly as shown in Fig. 4.8a (here the z axis is directed along the hexagonal axis ¢, a =
7, - z;. This vacancy distribution was considered unstable. Therefore, it was assumed that
spinodal decomposition occurs in the transition layer, and the vacancy distribution pattern
takes the form shown in Fig. 4.8b.

printed on 2/13/2023 2:53 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

32

12

Radiation Effects in Silicon Carbide

z1

z1

z2

Fig. 4.8. Variation of the concentration of carbon vacancies along the c[0001] axis,
corresponding to (a) unstable and (b) stable states of the system. (z, - z;) is the transition

layer between the 6H and 3C polytypes [68].

A conclusion was made in [69] that the 6H polytype must occupy half of the transition
layer when an epitaxial 3C layer is grown on a 6H substrate, with this result being a
consequence of the linear run of N¢(z) and valid in terms of the given (strongly
simplified) model for the transition layer between any two polytypes.
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On the whole, it can be concluded that the heteropolytype epitaxy of SiC is a rather
unstable process. The problem of controlled growth of one polytype on the substrate of
another polytype with an abrupt heterointerface is presently far from being fully solved.
Therefore, a study of the nonepitaxial methods for fabrication of SiC-based
heteropolytype structures is topical.

The degradation of the emission of blue SiC light-emitting diodes in the course of time
was discovered as far back as 1981 [73]. An emission peak appeared in the green spectral
range in the emission spectrum, and this emission was also spatially localized on the
working plane of the diode. The authors of [73] explained their results by the formation
of 3C-SiC inclusions in 6H-SiC p-n structures under the action of the forward current.

Later, after high-power rectifying diodes were fabricated from SiC, it was found that their
characteristics deteriorate in the course of operation. This was manifested in an increase
in the leakage current and decrease in the breakdown voltage under a reverse bias and in
a rise in the diode resistance under a forward bias [74, 75]. This phenomenon has been
studied extensively and it was found that the degradation is caused by the so-called
stacking faults (SF), i.e., by the formation of interlayers of cubic SiC within 4H or 6H
diodes through which a forward current is flowing [76 - 80 and references therein]. It was
found that the energy released in the nonradiative recombination of an electron - hole pair
in SiC is sufficient for overcoming the barrier for a shift of an atom to another position (9
meV/pair for 4H- and 4 meV/pair for 6H-SiC) [76]. As a result, the lattice of the
hexagonal polytype was rearranged, with the atom shifted from hexagonal to cubic
positions and an interlayer of the cubic polytype formed. Dislocations present in the bulk
of the epitaxial layer or at the interface between this layer and the substrate served as
starting points of the SF growth. Under the action of a forward current, the linear
dimensions of the SF rapidly increased in the direction parallel to the c-axis of the crystal.

Commonly, this phenomenon is regarded as being adverse, because SF formation leads to
deterioration of parameters power devices based on silicon carbide. At the same time, it
has been shown that SFs with thicknesses of about several lattice constants constitute a
3C-SiC QW within a wider bandgap 4H-SiC. Such a structure caused quantum
confinement and gave rise to a high-intensity photoluminescence (PL) in the blue spectral
range (hv=2.5¢V) [81].

It has also been found that SF quantum structures appear in heavily doped n-4H-SiC
layers (Np - N ~ 10" cm™) after an additional thermal treatment. It was noted in [82-87]
that thermally generated SFs would likely occur only if nucleation sites for partial
dislocations existed in a crystal. Irrespective of the doping level, the residual stress in
commercial 4H-SiC epilayers is large enough for nucleation and initiation of motion of
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partial dislocations at temperatures above 1000°C. It was concluded that internal stresses
play a more important part in the nucleation of SFs than the doping level of a crystal. At
the same time, it has been demonstrated that oxidation of lightly doped n-SiC layers does
not lead to SF formation [88].

In [89], n- and p-type 4H-SiC crystals with various doping levels were subjected to
thermal treatment. A transformation of the polytype was only observed in n-type samples
with Np - Ny > 4 x 10" cm™, and not in p-type SiC. These results are in a good
agreement with the concepts [46, 48] concerning the effect of impurities on the
transformation of SiC polytypes. According to [46, 48], nitrogen (typical impurity for n-
type SiC) favors the 6H = 3C transformation, and introduction of aluminum (typical
impurity for p-type SiC) promotes the 6H = 4H transformation, i.e., it hinders the
formation of the 3C polytype.

It was noted in [90 -92] that annealing of amorphized layers of hexagonal SiC polytypes
leads not only to the recrystallization of the initial polytype, but also to the formation of
inclusions of the cubic polytype 3C-SiC.

In our opinion, these results are rather important because the physics of mutual
transformations of SiC polytypes is largely unclear. Of particular importance is the
understanding of the reasons for a change of the polytype in an already grown epitaxial
layer or a device structure. Unfortunately, the process in which SFs and the related QWs
are formed in SiC remains uncontrollable.

Already before the studies of SFs by analysis of the structure and properties of deep
centers in silicon carbide were commenced, a conclusion was made that there exists a
concentration of native defects that is characteristic of each polytype [46, 58]. Thus, a
change in the concentration of native defects may lead to a transformation of the
polytype. It was suggested that a possible way to change the defect concentration in an
already grown structure is by irradiation (possibly to the point of amorphization) with a
subsequent annealing. The irradiation can create an increased concentration of defects
both locally over an area (because of the small beam area) and locally within a volume
(by using particles with different energies).

The development of such a technology could strongly expand the applicability field of
SiC and affect studies of other polytype compounds. However, development of such a
method of heterostructure fabrication requires that extensive studies of irradiation and
annealing modes and preliminary doping of the starting epitaxial layers should be
performed to confirm the possibility of its existence.
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A difficulty encountered in studies of this kind is that hydrogen or helium bubbles are
formed at high implantation doses, with the subsequent exfoliation of the upper layer of
the semiconductor in annealing [93, 94].

4.3 Comparison of the radiation hardnesses of silicon and silicon carbide

4.3.1 Dependence of the radiation hardness on the functional purpose of a device

The first studies concerned with radiation defects in silicon carbide, carried in the 1950s-
1960s confirmed the high radiation hardness of this material [95]. It should be noted that
the crystals examined in those years were heavily doped and had a high density of
structural defects. As increasingly perfect and pure SiC samples could be obtained, their
experimentally measured radiation hardness gradually decreased. There even appeared
reports in which it was stated that SiC detectors not only fail to surpass silicon detectors
in radiation hardness, but are even inferior to the latter in a number of parameters (see
Section 4.1) [96 -102].

As already noted in Section 4.1, the device parameters are mostly degraded under
irradiation due to the compensation of the material by radiation defects. That is the
radiation hardness is largely determined by the RD introduction rate [carrier removal rate
(ne)]. Earlier, the problem of the radiation hardness of wide-bandgap semiconductors was
considered in [103]. It was noted that at least two approaches can be used to evaluate this
parameter, depending on the functional purpose of a device.

In the first case (for most of the existing semiconductor devices), the radiation hardness is
indirectly affected by other parameters of a semiconductor. In the second case (these are
for the most part various types of detectors), only the carrier removal rates in both
materials will be compared.

To illustrate the first approach, let us consider two diodes with the same breakdown
voltage, those of silicon and silicon carbide types.

UbrSi = UbrSiC => (Ecr™ W™)/2 = (Ecr®© W€)/2 => W® = W x Ecr®“/ Ecr® (4.3)

Here, Ubr is the breakdown voltage, Ecr is the critical electric field strength, and W is the
thickness of the space-charge layer at Ubr.

Taking into account that Ecr¥/ Ecr® ~ 10, a W~ (Nb)"2, where Nb is the uncompensated
impurity concentration in the base region of the diode, we have

Nb¥ = 100 Nb3© (4.4)
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This means that, at the same breakdown voltage, the base of the SiC diode will be doped
to a two orders of magnitude higher level, compared with the base of the Si diode.
Consequently, even at equal values of 1., the compensation of a silicon carbide diode will
require a 100 times larger irradiation dose, compared with the compensation of a Si
diode.

In the second case, typical of detectors, the reverse voltage applied to a device is limited
to several hundred volts. It is required that the base layer should be as thick as possible.
Because W~ (Nb)"? , then, comparing the silicon- and silicon carbide-based detectors,
we have:

WS~ WSIC == NbS ~ NbSiC

That is the comparison of the radiation hardnesses reduces to comparison of the values of
Ne. Although 1> ~ 2 1%, the gain in radiation hardness will be substantially lower than
that for high-power devices.

4.3.2 Effect of temperature on the radiation hardness

It was shown in Section 2.2 that, in contrast to narrow-gap semiconductors, deep centers
that are not 1onized at room temperature can be formed in wide-bandgap semiconductors,
and the contribution of these centers to 1, may be dependent on the temperature at which
a measurement is made [104]. That is the experimentally measured value of n. will
decrease with increasing measurement temperature.

Further, we would like to consider another aspect of 1. determination in wide-bandgap
semiconductors, specifically, the effect of elimination of radiation defects by annealing. It
is known that the interaction of charged particles with the crystal lattice of the
semiconductor yields vacancies and interstitials, the so-called primary radiation defects.
If the semiconductor is irradiated at low temperatures (~0 K), these primary defects
hardly recombine, being in the "frozen" state. As the temperature increases, these defects
start to move over the crystal, with most of these defects recombining and the rest
forming complexes with impurity atoms or divacancies, i.e., more thermally stable
secondary radiation defects. And finally, as the temperature increases even further, the
secondary defects are also annealed and the crystal returns to its initial (unirradiated)
state.
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Table 4.1. Annealing temperatures of radiation defects in SiC upon various kinds of
irradiation

Refs. | SiC Type of irradiation | Transformation onset Final annealing
temperature of defects, °C | temperatures of RDs, °C
[105] | 4H-p e-2,5 MeV 200-400 950-1400
[106] | 6H-n e- 0,3-0,4 MeV 400-900 1600
[107] | 4H-n e-15 MeV; p-1,2 | 200 -800 > 1200
MeV
[108] | 6H-n e-2,5 MeV; p-1 1200-1700
4H-n MeV, He
[109] | 4H-n e-15 MeV 400-800 1200-2000

Here, e designates the irradiation with electrons; p, that with protons; and He, that with
helium nuclei.

The stages of annealing of radiation defects have been well studied for silicon. It is
known that primary defects start to be annealed at a temperature of ~80 K, and secondary
defects (A and E centers, divacancies) are annealed at temperatures of 150-350 °C [104].

Recently, a number of studies of how radiation defects are annealed in silicon carbide
have been carried out. Their results are partly presented in Table 4.1.

It can be seen in the table that two stages of annealing can be also distinguished for
silicon carbide. In the first of these at 200 — 900 °C, DLTS measurements demonstrated a
decrease in the concentrations of some radiation defects and an increase in the
concentration of others. In the second stage at temperatures exceeding 1000 — 1200 °C,
the radiation defects were completely eliminated by annealing.

Figure 4.9 shows schematically the variation of the concentration of radiation defects
formed under the same irradiation of Si and SiC at low temperatures (conditionally 0 K).
It can be seen in the figure that Si and SiC are strongly different at room temperature as
regards the spectra of the radiation defects existing in these semiconductors. The
annealing of primary defects has already ended in silicon, but is not yet commenced in
SiC. As a result, 1. measured at 300 K for SiC may be found to be the same as that in Si
or even higher. Possibly, measurements of this kind will be of practical interest, but it is
incorrect to make conclusions about the radiation hardness of SiC on the basis of these
data.
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Fig. 4.9. Schematic representation of the annealing of radiation defects in silicon and
silicon carbide [107].

In our opinion, it is possible to compare n. for Si and SiC either for values measured at
low temperature (0 K) before the beginning of the stage in which primary defects are

annealed, or upon completion of this stage, which corresponds to 200-300 K for Si and
800—900 °C for SiC.

From the standpoint of semiconductor electronics, this means that the highest radiation
hardness can be obtained for SiC devices if these devices are used at elevated
temperatures. Possibly, it is possible to envisage the annealing of a SiC device directly in
the working circuit due to its self-heating when high-power current pulses are passed.

4.4 Conclusion

In this book, we briefly considered the main results obtained in studies of the effect of
charged particles on the properties of silicon carbide and parameters of devices based on
this material. When writing the book, we tried to focus on the specific features of

radiation defects in SiC as a wide-bandgap semiconductor. We also tried to make a
comparison of silicon and SiC.
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It can be concluded that many aspects of the radiation physics of silicon carbide have
been studied in sufficient detail. Among the most interesting results, the following can be
singled out.

Various kinds of irradiation result in that carbon vacancies V¢ are formed in the crystal
lattice of SiC, and these vacancies are stable up to high annealing temperatures. To these
RDs are related deep centers (R in 6H-SiC and Z,, in 6H-SiC), which are main
nonradiative recombination centers.

The carrier removal rate in SiC and, apparently, in other wide-bandgap semiconductor
depends on the measurement temperature, and at low temperatures, also on the method
used to determine the carrier concentration.

The compensation of silicon carbide under irradiation occurs because carriers pass to the
RDs being formed. As a result, a linear decrease in Nd - Na (Na - Nd) is observed with
increasing irradiation dose.

The 1rradiation results in that silicon vacancies are formed in SiC, which are similar in
their properties to NV centers in diamond and show certain promise for further
application in spintronics.

It was shown that the main influencing factor is the energy of primary knock-on atoms
(PKAs). As this energy increases, first, the average distance between the genetically
related FPs becomes larger, and, as a consequence, the fraction of FP unrecombined
under irradiation grows. Second, new, more complex secondary radiation defects can be
formed as the PKA energy increases.

The photoluminescence characteristic of SiC, which appears upon irradiation with
various kinds of charged particles (DPL), is in all probability due to the radiative
recombination via the nitrogen - radiation defect (V¢ ?) donor - acceptor pair.

The radiation hardness of SiC devices (except detectors) is approximately two orders of
magnitude higher than that of silicon-based devices. The radiation hardness of SiC
devices must grow with increasing irradiation temperature.

Despite the success achieved in studies of radiation defects in SiC, there exist a number
of areas that, in our opinion, invite further examination.

There hardly have been reports on studies of SiC irradiated at elevated temperatures.

It is unclear whether it is possible to produce controlled transformation of the silicon
carbide polytype under irradiation.

The formation and properties of radiation defects in 3C SiC have been insufficiently
studied, which is possibly due to the poor structural perfection of the existing material.
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Problem of the influence exerted by the nonequivalent positions in the SiC lattice on the
ionization energies of impurity and defect centers has not been studied to the full extent
so far.
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